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Hydrodeoxygenation of phenol to benzene using ruthenium supported titania catalysts strongly 
varies depending on the support crystal structure and preparation conditions. Here, we performed 
spectroscopic characterization of titania supports to identify the surface impurities common to 
commercial and synthesized titania samples using a variety of spectroscopic methods. Sulfate impurities 
were detected for the commercial anatase samples and a procedure for their elimination was proposed so 
that inactive catalysts gained reactivity. Surface hydroxyls of different TiO2 samples (anatase, rutile, and 
pyrogenic) were identified using diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
experiments performed on vigorously cleaned surfaces and a facet-specific assignment was proposed 
using DFT calculations performed by our collaborators. In addition, the electronic structure of TiO2 
samples were studied using the reaction of vigorously cleaned TiO2 samples with H2/D2. Our results 
revealed that sulfate impurities of the commercial anatase samples change their electronic structure 
consistent with creation of deep electronic trap states within the band gap. Our results are used to derive 
structure-activity relationships for the Ru/titania catalyzed hydrodeoxygenation reactions of phenol. 
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1 
CHAPTER 1 
INTRODUCTION 
1.1. Motivation 
Fossil fuels have been the primary source of energy and carbon-based materials since the industrial 
revolution. They fueled industries and made the improved life style of modern societies possible. 
Projections indicate that the demand for fossil fuels will continue to increase since the middle-class 
population is expanding in developing countries.1 Although fossil fuel resources are not sustainable in 
nature, recent discovery of new sources of natural gas throughout the world suggests1 that the peak in 
fossil fuel production is not happening as soon as previously suggested.2 Therefore, fossil fuel resources 
are able to meet the growing demand for energy and materials for many years to come.1 However, there 
are many current environmental concerns associated with the continued use of fossil fuels, such as water 
and air pollution during extraction,3 methane release during extraction,4 oil spills during extraction and 
transportation, and most importantly CO2 emission when fossil fuels are burned. Currently, climate 
change caused by high levels of atmospheric CO2 is one of the biggest environmental concerns5 and it is 
critical to mitigate the CO2 emission levels as soon as possible. This will not happen until we find 
alternative sources of energy that can respond to the growing energy demand that are economically 
competitive. As Chu and Majumdar commented, “The Stone Age did not end because we ran out of 
stones; we transitioned to better solutions”.1  
To mitigate CO2 emission, we need to switch from carbon-based energy feedstock sources to 
sustainable energy systems such as solar energy, wind power and biofuels.1 Solar energy and wind power 
are green sources of energy. However, we do not have consistent access to wind and sun light and need to 
store the electricity made from these renewable sources in batteries or in chemical bonds. The low energy 
density (on an energy/mass basis) of current batteries limits their applications in heavy machinery and 
long distance travel.6 Liquid fuels in this regard are very attractive because they have high energy 
densities. As a result, biofuels appear as one of the future energy sources in most projections.1  
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Biofuels are any energy rich molecules that are obtained from biomass or other living organisms. 
Biomass is considered to be sustainable energy because the carbon released after burning biomass would 
eventually be released into the atmosphere during the plant respiration and when biomass decays.7-8 On 
the other hand, when fossil fuels is burned, “dormant” carbon that has been captured by photosynthesis 
millions of years ago is released into the atmosphere.  
  Production of biofuels has been an evolutionary process. First generation biofuels were mostly 
based on fermentation of food crops such as corn.7 However, there are environmental and ethical 
concerns associated with biofuels production from food resources.9-10 These concerns became more 
serious when grain prices increased by 40% in 2008, which was attributed to the increased production of 
biofuels from food crops.9 Newer generations of biofuels are based on non-edible carbon masses such as 
lignocellulose and algae.8 Lignocellulose in this regard is very interesting because it is usually available 
as the waste product of agricultural and forestry activities. For example, the Margaret Chase Smith Policy 
Center of the University of Maine estimated in 2008 that the forest industries in Maine could produce up 
to 2.6 million dry tons of forest residues per year as a side product of forestry activities.11 This amount of 
lignocellulosic biomass can replace 32% of Maine’s current gasoline consumption by fermentation to 
ethanol, or 76% percent of Maine’s petro-diesel consumption using Fischer-Tropsch synthesis.11  
There are two general chemical approaches to convert lignocellulosic biomass to biofuels. In the 
first approach, the whole lignocellulosic biomass is converted into biofuels using gasification or pyrolysis 
methods.12-14 Gasification of biomass produces CO and H2, known as syngas, and can be converted to 
hydrocarbons via the Fisher-Tropsch process.15 This method is costly because of the high pressure 
required for the Fisher-Tropsch process.16-17 The pyrolysis method involves heating the biomass in the 
absence of oxygen to liquefy it.18 This method produces a complex mixture containing hundreds of 
molecules, which is corrosive, undergoes fast aging,19 and requires upgrading before being used as a 
fuel.13-14, 20 In addition, the pyrolysis method has low selectivity toward any individual molecules and can 
only be used for fuel production.  
	  
	  
3 
In the second approach, lignocellulosic biomass is broken down into its individual components 
(cellulose, hemicellulose, and lignin) and each component can be converted to fuels and/or value-added 
products. The second approach can potentially diversify the products of biorefineries and makes them 
financially more viable.21 Paper companies have mastered the separation of lignocellulosic biomass into 
its individual components using the Kraft-Pulping process.22 Cellulose and hemicellulose are polymers 
made of sugar monomers while lignin is a polymer made of phenolic monomers.23 Cellulose has a 
crystalline structure while hemicellulose and lignin are amorphous.24 Hemicellulose can be easily 
separated from lignocellulosic biomass by heating the biomass with water.25 Further treatment of 
lignocellulosic biomass with an aqueous solution of acid/ base,24 or organic solvents25 yields a white solid 
called wood pulp and a solution known as black liquor. Wood pulp is cellulose and black liquor contains 
lignin.25 
While there are many applications for the wood pulp, black liquor is largely underused.23 Wood 
pulp is used for production of paper and other valuable products such as cellulose nanofibers.22 Cellulose 
can also be depolymerized into glucose and glucose can be fermented to make ethanol, or it can be 
converted to important platform chemicals using biological or chemical catalysts.26 On the other hand, 
lignin in the black liquor is currently only used to generate energy by burning.23 Lignin makes up 
approximately 30% of lignocellulosic biomass23 and can be used as a sustainable source of liquid fuels 
and/or as a replacement for the petroleum-derived aromatics.  
Lignin depolymerization is achieved by chemical,27 mechanochemical,28 electrochemical,29 or 
pyrolytic30 processes which produce a mixture of aromatics that contain methoxy, alkyl, and phenolic OH 
functional groups. Formate-assisted pyrolysis of lignin removes methoxy groups from the pyrolysis liquid 
and produces higher alkylated phenols.30 Lignin depolymerization products are not suitable yet to be used 
as a transportation fuel and removal of oxygen via hydrodeoxygenation (HDO) reactions is necessary to 
improve fuel properties.31 Since phenolics are one of the major components of the lignin 
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depolymerization reactions, phenol is a suitable model compound to evaluate the performance of HDO 
catalysts for upgrading of lignin-derived molecules to liquid transportation fuels.  
 
1.1.1 Hydrogenation versus direct deoxygenation 
There are two pathways for the HDO of phenol, Figure 1.1. In the first pathway, phenol is converted 
to benzene without hydrogenation of the benzene ring. This pathway is called direct deoxygenation 
(DDO). In the second pathway, the ring is hydrogenated first to form cyclohexenol, followed by 
hydrogenation to cyclohexanol, then dehydration to cyclohexene and finally hydrogenation to 
cyclohexane. This pathway is called hydrogenation dehydration (HYD). The DDO pathway may have 
technoeconomic advantages because it reduces the consumption and cost of hydrogen.   
 
Figure 1.1. HYD versus DDO pathways. Reproduced with permission from Newman, et al.32 
 
1.1.2. Unique selectivity and activity of Ru/TiO2 
Newman et al. showed that Ru/TiO2 (P25) shows excellent selectivity and activity for DDO of 
phenol to benzene compared to catalysts prepared on other supports, as shown by the data in Table 1.132 
However, the excellent selectivity and activity of the catalyst depends on the treatment procedure 
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performed following Ru deposition. When Ru/TiO2 catalysts are calcined after Ru deposition (Ru/TiO2-
Cal (P25) in Table 1.1), catalysts have low DDO selectivity. When catalysts are reduced after Ru 
deposition, they are more selective toward the DDO reaction. Reductive treatment of the catalyst makes 
small Ru particles while oxidative treatment of the catalyst makes large Ru particles.32 As a result, 
hydrogenation of the ring is the preferred pathway when Ru particles are large (~10 nm) while DDO of 
phenol is the preferred pathway when Ru particles are small (~1 nm), as illustrated in Figure 1.2. These 
observations suggest that the DDO reaction happens at the metal support interface. Newman et al. 
speculated that the possible reasons for the excellent performance of TiO2 P25 as the catalyst support 
could be associated with the reducible nature of TiO2 or strong metal-support interactions.32   
 
 
Figure 1.2. Reaction pathway on the large Ru nanoparticles vs small Ru nanoparticles. Reproduced with 
permission from Newman, et al.32  
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Table 1.1. DDO selectivity and turn over number (TON) of the reaction of phenol at 300 °C and 650 psi 
H2 for 1 h. Data from Newman, et al.32 All of the catalysts were reduced under H2 at 300°C after Ru 
deposition, unless otherwise stated.  
Catalyst DDO selectivity TONb 
Ru/MCM41 16 430 
Ru/C 45 260 
Rn/Al2O3 22 240 (57)c 
Ru/TiO2 (P25) 85 1640 (298) 
Ru/TiO2-Cal (P25)a 20 160 (22) 
aCatalyst was calcined after Ru deposition, bmoles of products per mole of ruthenium, cvalues in the 
parenthesis are standard errors. 
 
1.1.3. Mechanism of DDO of Phenol 
Nelson et. al. investigated the mechanism of DDO of phenol over Ru/TiO2 experimentally and 
theoretically to elucidate the role of support, which led to a mechanism shown schematically in Figure 
1.3.33 In this mechanism, heterolytic dissociation of H2 between the metal nanoparticle and a surface 
hydroxyl with basic character forms a hydride on the metal surface and a –OH2+ group on the support 
surface. After heterolytic dissociation of H2, in a concerted fashion, the hydride acts as a nucleophile to 
attack the C1 carbon of phenol (the carbon atom attached to the OH group) and the surface –OH2+ group 
acts as a Brønsted acid to protonate the –OH group of the phenol to form water. In this mechanism, the 
reducibility of the support does not play a role. An ideal support would be a material with amphoteric 
hydroxyls.   
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Figure 1.3. Proposed mechanism for the DDO of phenol on the metal-support interface. Adapted with 
permission from Nelson, et al. 33 
 
1.2. Role of TiO2 crystal structure 
Husremovic et al.34 studied the influence of TiO2 crystal structure on the performance of the 
Ru/TiO2 catalyst for DDO of phenol. Experimental studies of Neman et al., .32 and Nelson et al. 33 were 
performed on TiO2 P25, which is ~85% anatase and ~15% rutile. However, the theoretical investigation 
of the mechanism was performed on the rutile (110) TiO2 surface. Husremovic et al.34  studied catalysts 
made from P25, P90 (a higher surface area analog of P25 containing 95% anatase and 5% rutile phases), 
pure rutile-phase, and pure anatase-phase TiO2 from several different sources to determine whether 
crystal structure plays a role in the DDO mechanism.  
 
1.2.1. Materials 
Titanium dioxide P-25 (Evonik,  50 m2 g−1 surface area), Titanium dioxide P-90 (Evonik,   100 
m2 g−1 surface area, pore size 20-60 nm), TiO2 rutile (US Research Nanomaterials, 30 nm particle size, 
35-60  m2 g−1 surface area, pore size 20-60 nm), and four TiO2 anatase samples from Sigma Aldrich, 
denoted “SA”, US Research Nanomaterials, denoted “USR”, Alfa Aesar, denoted “AA”, and Nanografi, 
denoted NG, were all purchased from their respective manufacturers. Anatase BC was synthesized at 
Barnard College following a published procedure.35 Briefly, to 50 ml 100% ethanol in a 100 ml three-
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neck round-bottom flask in ice, we added 2.89 ml of TiCl4 dropwise with a pressure equalized addition 
funnel. Once addition of TiCl4 was completed, the reaction was stirred at ambient condition for 2 hours. 
The reaction mixture was placed in an oven at 87 °C and heated for three days. The powder was rinsed by 
addition of milli-Q water and centrifuged at 20,000 rpm for 30 minutes, several times every day for 30 
days until the pH of the supernatant was around 7. The resulting material, denoted “BC”, has a surface 
area of 159 m2/g and a bimodal distribution of pores with maxima around 4 and 12 nm. RuCl3·3H2O, 
liquefied phenol, and diethyl ether were purchased from Sigma-Aldrich. 200 mesh Cu TEM grids were 
purchased from Ted Pella Inc. (Redding, CA). 
 
1.2.2. X-ray diffraction characterization of the support 
The x-ray diffraction studies were also carried out at the Shared Materials Characterization 
Laboratory (SMCL) of the CNI at Columbia University using the PANalytical Xpert3 theta-theta Powder 
X-ray diffraction (XRD) instrument equipped with Cu Ka radiation.  The operating voltage was 45 kV 
and the current 40 mA. The experiments were conducted in the Bragg-Brentano geometry using a zero-
background holder in order to minimize the background signal and eliminate the diffraction peaks from 
the holder. The two-theta angular range for the scans was 20-100°. The scan step size was 0.1° and the 
dwell time 100 s per step. For the incident beam, a 15 mm mask and 0.5° divergence and 1° antiscatter 
slits were employed. For the diffracted beam, the 0.5° antiscatter slit was used. The powder samples were 
mixed with isopropyl alcohol to allow for ease of placement in the sample holder.    
Figure 1.4 shows the x-ray diffraction patterns of anatase, rutile, P25, P90, and a physical mixture of 
anatase and rutile (90:10).  The X-ray diffractograms of the SA, USR, and AA anatase show pure anatase 
phase, with selected planes indexed. The X-ray diffraction experiments show the presence of both anatase 
and rutile in P25 and P90.  P90 shows 95% anatase and 5% rutile content, and P25 shows 87% anatase 
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and 13% rutile. Nanographi anatase (data not shown) shows all of the anatase lines and an additional line 
at 2𝜃 = 50.4° which was not identified. 
 
Figure 1.4. XRD patterns for anatase, rutile, pyrogenic (P90 and P25) and a physical mixture of anatase 
and rutile (90:10) titania, showing that the pyrogenic titania patterns contain peaks assignable to both 
anatase and rutile.    The patterns have been displaced for clarity. 
 
1.2.3. Catalyst preparation 
Catalysts were prepared on a 5 gram scale with a metal loading of 1% (~50 mg of Ru per 5 g of 
TiO2).  The metal precursor (RuCl3) was dissolved in Milli Q water and added to the support until a paste-
like consistency was obtained. The mixture was dried overnight at 90 °C and crushed to uniform 
consistency. 
Catalysts were reduced immediately prior to each reaction with H2 in a 25 mL 4590 Parr stirred 
micro reactor sealed with a flat graphite gasket. After sealing the catalyst in the reactor, the system was 
purged three times with Ar gas and gradually heated to 573 K under flowing H2 gas. When the system 
reached 573 K, the reactor was kept under flowing H2 for another 0.5 h. Then, an additional 550 psig of 
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H2 was added and the system was maintained at that pressure and temperature for 1 h. Post-reaction the 
reactor was cooled to room temperature prior to venting the system. 
The wt. percent metal loading of catalysts was determined using a Thermo Scientific iCAP 600 
ICP-OES spectrometer with microwave-assisted digestion. Approximately 25 to 30 mg of catalyst was 
weighed and placed in a CEM EasyPrep microwave digestion vessel with 8 ml of a 3 to 1 mixture of HCl 
and HNO3 (trace metal grade). The vessels were sealed and placed in a CEM MARS 6 microwave. The 
temperature was raised to 220 °C over two hours and then held for 30 min. The samples were then cooled 
to room temperature before being diluted to a total volume of 50 ml in MilliQ water. The digested 
samples were run through the ICP and the ruthenium concentration was determined by comparing the 
emission to a calibration curve made using ruthenium standards with concentrations of 0 ppm, 4 ppm, and 
12 ppm. The results were confirmed by analysis of selected samples by Galbraith Laboratories.  
 
1.2.4. Transmission Electron Microscopy (TEM) 
Conventional and high-resolution TEM was performed at Columbia University Nanoinitiative 
(CNI) electron microscopy facilities using the FEI Talos F200X Transmission/Scanning Transmission 
microscope or at the MIT Center for Materials Science and Engineering (CMSE) using the JEOL 2010 
Advanced High Performance TEM. The analyzed catalysts were mixed with a minimal amount of 2-
propanal and the mixture was suspended on a lacey carbon Cu grid or a silicon nitride window. The 
operating voltage of the FEI Talos was 200 kV. The HRTEM imaging was done using the 60 µm 
objective aperture in order to include the first diffracting planes of both rutile and anatase ((110)7 and (110)8) and to achieve higher imaging contrast.  Identification of specific particles in the HRTEM image 
was done by filtering the respective atomic plane periodicity of each phase in fast Fourier transforms 
(FFT) of the images.  Selected area electron diffraction patterns were used to determine the phases present 
in larger populations of particles compared with the HRTEM images. Prolonged exposure to the electron 
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beam resulted in amorphization of the particles and thus care was taken to minimize the imaging time. 
Additionally, we found that the carbon layer in the grids was not fully amorphous, and thus it became 
necessary to prepare samples using silicon nitride windows.   However, once optimal imaging conditions 
were identified, all the remaining TEM work was done using the holey carbon grids with no 
complications of imaging and interpretation resulting from their use. 
Ru/TiO2 catalysts have been shown to form small evenly spaced nanoparticles of ruthenium upon 
reduction with hydrogen. In prior work, we demonstrated that these nanoparticles are an essential 
component of selective HDO catalysts.32  In that work, catalysts that had been calcined prior to reduction 
had much larger and irregular particles and preferentially catalyzed hydrogenation reactions.  In this 
work, HRTEM images of reduced Ru/rutile, Ru/anatase, Ru/P25 and Ru/P90 were compared. All 
materials show an even distribution of approximately 2 nm Ru nanoparticles (Figures 1.5 and 1.6).  
  
	  
	  
12 
  
  
     
Figure 1.5. HRTEM images for (A) Pretreated Ru on rutile, (B)  Pretreated Ru on P25,  (C) Pretreated Ru 
on Nanographi anatase, and (D) Pretreated Ru on P90. 
	  
 
A	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Figure 1.6. Mean radius of ruthenium particles (nm) on TiO2 supports as obtained from an analysis of 
HRTEM images.  
 
Detailed characterization of the titania support without ruthenium was undertaken to address 
questions raised by the catalytic data (see below) that showed that pyrogenic titania (P25 and P90) create 
catalysts more similar to rutile-based catalysts than anatase-based catalysts, despite the fact that P90 and 
P25 are predominantly anatase. HRTEM showed that P90 contains rutile particles (Figure 1.7), but in 
comparison to the anatase spots, the rutile spots are rare. 
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Figure 1.7. HRTEM showing a rutile particle in P90 
	  
Figures 1.8a and 1.8b are SAED patterns of P90.  These patterns also confirm the presence of 
rutile and anatase in P90, as indicated in the XRD data.  However, whereas anatase exhibits full 
diffraction rings (Fig. 1.8a), rutile only exhibits isolated diffraction spots (Fig. 1.8b).  It should be noted 
that the diffraction spots of rutile are distinct from those for anatase since the two phases have different 
crystal structures and thus d-spacings. The presence of isolated diffraction spots, in addition to 
identification of individual rutile particles in HRTEM images, indicates that rutile is present as a second 
phase in P90 with particles that are comparable in size to those of anatase (Figure 1.7). 
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Figure 1.8. TEM diffraction data showing diffraction from (a) anatase and (b) rutile grains in P90 
 
1.2.5. Catalytic reaction 
In a standard reaction 4 ml of phenol (10 wt % water, Sigma Aldrich) was introduced into the 
reactor with 120 mg of catalyst reduced immediately prior to the reaction. The system was purged three 
times with Ar and pressurized to 5 psi under an argon atmosphere. The temperature was then gradually 
increased to 573K with stirring at 650 RPM. After the set temperature was reached, the system was 
pressurized by addition of 650 psi of H2. The reaction time was 15 minutes and in this time span the 
system was repressurized if a 50 psi drop in pressure was observed. After the reaction, the system cooled 
in air until the temperature dropped to 200 °C. Then, the reactor was rapidly cooled using an ice bath to 
prevent extended reaction times. Samples were immediately analyzed using GC/MS. Two µL of the 
reaction mixture were diluted in 1.5 mL of diethyl ether. The samples were injected with a standard 
solvent delay. Samples were analyzed using an Agilent 7820GC System with a 76930 series autoinjector 
and 5977E network mass selective detector with a HP-5MS cross-linked 5% PH ME siloxane capillary 
column (dimensions of 30 m × 0.25 mm × 0.25 µm) using UHP He. The method contained a 5 min hold 
a b
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at 318 K, followed by a ramp at 10 K/min to 498 K. Product yields were obtained from calibrated GC/MS 
spectra. Results of the catalytic reactions are summarized in Table 1.2. 
Reactivity data presented in Table 1.2 showed that there was inconsistency between the DDO 
reaction results and crystal phase composition of the catalyst support. Catalysts prepared on rutile are as 
selective to benzene as those prepared on P90 and P25. However, catalysts synthesized with anatase 
supports were considerably less selective for DDO of phenol to benzene, while producing more 
cyclohexane and other hydrogenation products. The difference in DDO selectivity (i.e. benzene yield) 
between pyrogenic titania and pure anatase supported catalysts is surprising considering that P90 is ~95% 
anatase. Here we performed extensive physicochemical characterization of TiO2 supports in order to build 
structure-activity relationship for DDO of phenol over Ru/TiO2.  
We explored a number of different possible explanations for the observed differences between the 
reactivity of the catalysts prepared from different supports. Since different impurities might exist in the 
TiO2 samples, depending on the preparation methods,36 the role of chemical impurities in the reactivity of 
the catalysts was explored. Similarity in the reactivity of the P90 and rutile may suggest that surface 
chemistry of P90 is similar to rutile. We explored the possibility of the core-shell model of pyrogenic 
TiO2 (core of anatase and shell of rutile) which is argued extensively in the literature.37-40 There is also a 
long interest in the pseudomorphic crystal matching between the RuO2 and TiO2 rutile (110) surfaces that 
could stabilize preferential growth of RuO2 particles on rutile (110) surfaces, but not anatase surfaces,41 
therefore re-opening the question as to whether Ru0 or RuO2 is actually the active phase for the phenol 
DDO reaction. Because the proposed mechanism involves amphoteric hydroxyls, based on the 
calculations on the rutile (110) surface,33 even though the TEM shows uniformly 2 nm nanoparticles on 
anatase, pyrogenic, and rutile catalysts, if the Brønsted acid/base character of hydroxyls are different for 
different facets, that might account for the difference in the selectivity observed. In addition, the effect of 
water as a co-catalyst, observed experimentally and supported theoretically,33 raises the question of 
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whether the difference between hydrophilicity/hydrophobicity of the pyrogenic TiO2 versus low 
temperature anatase plays a role in the selectivity.  
Table 1.2. Distribution of all phenol-derived products. All results are the average of at least three separate 
experiments. Standard errors are given in parentheses. TiO2 alone showed approximately 0.4% phenol 
conversion. “CRC” stands for materials in which the TiO2 was calcined, reduced, and calcined at 400 °C 
before catalyst synthesis.  
   conversion  
        
     
deoxygenated  
Ru/P25   29.3  (2.1)   93.2  
(0.8)  
3.3  (0.6)   0.6  
(0.1)  
1.0  
(0.2)  
1.9  
(0.8)  
98.0  (0.5)  
Ru/P90   36.7  (4.7)   91.8  
(1.8)  
6.1  (1.8)   0.4  
(0.1)  
0.7  
(0.3)  
0.9  
(0.2)  
98.4  (0.6)  
Ru/rutile   17.2  (2.1)   92.2  
(1.7)  
3.5  (1.6)   0.6  
(0.1)  
1.7  
(0.2)  
2.0  
(0.4)  
96.6  (1.1)  
Ru/  
Anatase  –  US  
research_CRC  
22  (4.7)   44.5  
(6.8)  
28.3  
(5.5)  
0.3  
(0.06)  
5.1  
(1.6)  
1.9  
(0.3)  
73  (1.8)  
Ru/anatase  –  
Nanografi  
17.5  (3.8)   34.9  
(12.9)  
44.5  
(11.3)  
1.1  
(0.2)  
14.6  
(2.8)  
5.1  
(2.1)  
80.7  (4.4)  
  
Ru/anatase  
(BC)   7.8  (1.2)  
65.5  
(2.9)  
21.6  
(2.2)  
3.3  
(1.0)  
3.2  
(1.0)  
6.4  
(1.6)   87.3  (1.7)  
 
1.3. Organization of the thesis 
In chapter 2, I will discuss DRIFTS studies in which we measured the isolated surface hydroxyls 
of pyrogenic TiO2 after carefully removing surface adsorbed contaminants under rigorously dry 
conditions. We assigned them to specific facets of anatase and rutile using DFT calculations performed by 
our collaborators in Lars Grabow’s group at the University of Houston, taking into account four criteria: 
the likelihood of a facet existing, the route to formation of the type of surface hydroxyl, the thermal 
stability of the hydroxyls, and the scaling of the DFT frequencies.  Therefore, we propose revised 
frequency assignments and extend the work of Aurrovel, et al.42 to include additional structures that can 
form on defective anatase surfaces.  
In Chapter 3, I will discuss the XPS, XRD, ICP-OES, BET, and DRIFTS characterization of TiO2 
supports. We showed that commercial anatase samples contain sulfate impurities that deactivate the 
OH O
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catalyst. We reduced the sulfate content of the commercial anatase samples by vigorous pretreatment of 
the support prior to catalyst synthesis. Catalysts made from the pretreated commercial anatase samples 
showed reactivity, but they were still not as selective as P90 for the DDO reaction. In addition, catalysts 
made from synthesized sulfate-free anatase samples showed low selectivity for DDO as well. DRIFTS 
spectra showed that pure anatase samples are highly hydroxylated at the reaction temperature (300 °C) 
because these materials are prepared with low temperature wet condition methods. On the other hand, 
pyrogenic TiO2, which is prepared with gas phase high temperature methods, is mostly dehydroxylated at 
the reaction temperature. This may have implications in the hydrophilicity/hydrophobicity of the surface, 
thought to be important in the reactions involved. 
 In Chapter 4, I will present DRIFTS spectra recorded during the reaction of clean surfaces with 
H2 and show that broad background absorption features can be used to characterize the electronic 
structure of TiO2. Our results showed that sulfate species create deep trap states within the band gap of 
TiO2 and act as electron scavengers when H2 is dissociated.  
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CHAPTER 2 
USE OF SURFACE HYDROXYL FREQUENCIES TO IDENTIFY THE EXPOSED FACETS OF 
PYROGENIC TIO2 NANOPARTICLES 
The surface reactivity of TiO2 is governed in many applications by the hydroxyl groups on its 
surface. FTIR spectroscopy is the most common method used to study surface hydroxyls. However, 
interpretation of the observed bands of powder samples is not straightforward. In this work, we propose a 
facet-specific assignment of the surface hydroxyls of pyrogenic TiO2 (commonly known as P25 and P90) 
by comparison between experimentally observed FTIR bands under dry conditions with DFT-calculated 
vibrational frequencies. The vibrational frequency of surface hydroxyls on different TiO2 surfaces are 
sufficiently distinct to allow them to be used for facet identification. This approach could be used for 
characterizing the morphologies of catalyst particles under working conditions and for in situ or operando 
studies of facet-specific catalytic activities.   
 
2.1. Introduction	  
Titania is one of the most widely studied metal oxides,43 with specific attention often given to the 
hydroxyl groups and their involvement in a variety of processes, including photocatalysis,44-47 catalysis,33, 
42, 48 self-cleaning surfaces,49-50 and bio-implants.51 A powerful method for characterizing such surface 
species and surface reactions is vibrational spectroscopy.52-54 However, reliable assignment of observed 
vibrational bands is critical for a meaningful spectral interpretation. The complexity of powder samples 
can make it difficult to assign the vibrational bands of surface oscillators36 because each crystallite is 
composed of multiple surface facets, the relative abundance of which changes with sample preparation48 
and the local environment.40, 42 Consequently, fundamental surface science studies often use well-
characterized single crystals to elucidate information about a particular facet. However, vibrational 
spectroscopy studies of such surfaces are difficult to perform due to their low surface area. Most 
published experimental studies focus on the rutile (110) surface,55-57 which has the lowest free energy, and 
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little information is available for anatase surfaces and higher-energy rutile surfaces. Density functional 
theory (DFT) calculations can provide information not easily accessible by experiments. In this work, we 
have studied the surface hydroxyls of TiO2 powder samples under dry conditions using Diffuse 
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and DFT calculations to augment and 
revise previous42 facet-specific assignments of the isolated surface hydroxyls of pyrogenic TiO2. 
 TiO2 exists in three crystal structures of rutile, anatase, and brookite.43 Rutile is the 
thermodynamically stable form of TiO2 in the bulk, while brookite and anatase are meta-stable phases.58 
However, anatase is more stable than rutile at the nanoscale.58-59 Pyrogenic TiO2 is synthesized by flame 
hydrolysis of TiCl4 and contains individual anatase and rutile nanoparticles.37-38, 40 For instance, Evonik 
(formerly Degussa) P25 contains 85% anatase and 15% rutile,40 and this material is used in a variety of 
catalytic and photocatalytic applications.36, 60 Because of the unique preparation method, each particle is 
highly crystalline37, 40 and has few chemical impurities compared to TiO2 samples prepared in the liquid 
phase,36 which has implications for both photocatalysis and thermal catalysis.  
Pyrogenic titania is unique as a support in bifunctional catalysts. For example, Ru supported on 
various metal oxides is selective for the conversion of phenol to benzene, with P25 showing the highest 
activity and selectivity.32 In the proposed mechanism, surface hydroxyls with basic character are involved 
in heterolytic dissociation of H2 at the metal-support interface.33 Since the type of hydroxyls42 and surface 
acidity/basicity61 of different TiO2 facets differ from each other, a more complete assignment of the 
surface hydroxyls on each facet of both phases is important in the mechanistic understanding of the TiO2 
catalyzed reactions.  
Surface hydroxyls also have implications in photocatalysis. Photocatalytic activity of TiO2 
increases with surface hydroxyl coverage.62-63 Surface hydroxyls are proposed to be the adsorption sites46 
and involved in the path through which electrons and holes migrate to the surface for photocatalytic 
reactions.44, 47 Light induced changes in the IR hydroxyl bands were studied by several groups. Hoffmann 
et al.44 reported that a band at 3715 cm-1 is formed after illumination with UV light, which was attributed 
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to the photo-induced reduction of Ti4+-OH species to Ti3+-OH species, although thermal effects may have 
been important, as the temperature increased to 160 °C under illumination.45 Yates et al. reported that 
there was no change observed in the hydroxyl bands after illumination when heating was prevented.64-65 
In addition, while Hoffmann et al. reported that the 3715 cm-1 band was not sensitive to O2,45 Gates et al.66 
reported that this band was eliminated after exposure to O2; however, their reported spectra show that 
water was co-introduced with O2. In addition, surface hydroxyls create trap states in the band gap of 
TiO2.67 In work to be presented in Chapter 4, we have studied the electronic structure of TiO2 powders 
using in-situ DRIFTS during reactions with H2 to form surface hydroxyls performed in vigorously dry 
conditions. We68 and others69-70 interpret the broad electronic absorbance features in infrared spectra 
produced by adsorption of H2 (D2) on P90, anatase, and rutile as being due to formation of surface 
hydroxyl protons and electrons that accumulate in the trap states. Our results showed that the total defect 
density as well as the energy and localization of specific defects is directly dependent on the amount of 
bulk impurities and type of surface defects, such as surface hydroxyls. However, the experimental 
disagreements in the behavior and ambiguities in the assignments of the surface hydroxyl frequencies 
hinders the use of FTIR as a probe of surface hydroxyls in photocatalytic, as well as catalytic, reaction 
studies.  
 The first assignment of the surface hydroxyl bands of titania was made by Primet et al.71 and 
Tsyganenko et al.72 in the early 1970s. Primet et al. reported two bands at 3715 and 3665 cm-1 for anatase 
and two bands at 3685 and 3655 cm-1 for rutile. They assigned the higher frequency bands (3715 cm-1 
band of anatase and 3685 cm-1 band of rutile) as terminal hydroxyls and the lower frequency bands (3665 
cm-1 band of anatase and 3655 cm-1 band of rutile) as bridging hydroxyls, see Figure 2.1. Tsyganenko et 
al.72. reported three bands for anatase at 3725, 3670, and 3650 cm-1 and assigned the 3725 cm-1 band as 
terminal hydroxyls and the 3670 and 3650 cm-1 bands as two different kinds of bridging hydroxyls. These 
assignments were qualitative and based on classical mechanics; however, recent DFT studies suggest that 
the frequencies of terminal hydroxyls are not necessarily higher than those of bridging hydroxyls.73-74 
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Hence, fundamental surface science studies are necessary for the proper assignment of the surface 
hydroxyls of TiO2.  
 
Figure 2.1. Terminal versus bridging structure of surface hydroxyls. (I) terminal, (II) and (III) bridging. 
Reproduced with permission from Tsyganenko et al.72 
 
Arrouvel et al. reported the first computational assignment of the surface hydroxyls of anatase 
TiO2 nanopowders.42, 48 They studied the type, frequency, and thermal stability of the surface hydroxyls 
that are formed by water dissociation on the anatase surfaces and calculated the vibrational frequency of 
these terminal hydroxyls.42, 75 The anatase (001) and (110) surfaces dissociate water upon adsorption 
regardless of surface coverage, while water dissociation on the anatase (100) surface occurs only at low 
coverages. Surface hydroxyls were not considered for the anatase (101) facet because this surface does 
not dissociate water in the defect-free state.76 However, both theoretical77-78 and experimental79 work 
show that bridging hydroxyls could also form by dissociative adsorption of water on the surface defects 
(e.g., oxygen vacancies) of less reactive surfaces such as anatase (101). Very recently, Nadeem et al.79 
observed bridging hydroxyls on the anatase (101) single crystal surface using scanning tunneling 
microscopy (STM), see Figure 2.2. 
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Figure 2.2. STM image showing the presence of bridging hydroxyls on the anatase (101) surface. 
Reproduced with permission from Nadeem et al.79 
 
In this work, we have extended Arrouvel’s approach to consider the hydroxyls that are formed by 
water dissociation on surface oxygen vacancies of less reactive surfaces such as anatase (101) and rutile 
(110). Using DRIFTS experiments coupled with information gleaned from the literature, we verified the 
spectral behavior of the surface hydroxyl bands of pyrogenic TiO2 (P90), anatase, and rutile particles. 
Spectral interpretation of the surface hydroxyls in the presence of water is complicated by hydrogen 
bonding between the surface hydroxyls and water molecules. In addition, water molecules coordinated to 
Lewis acidic sites vibrate in the same frequency range as the surface hydroxyls, 3600-3800 cm-1.42 Step-
wise temperature-programmed calcination with dry O2 revealed which absorbances are due to surface 
impurities and the temperature at which they are eliminated. Based on these experiments, we selected 300 
°C for studying the most thermally stable, isolated surface hydroxyls of TiO2 samples. At this 
temperature, TiO2 surfaces are cleaned from water and other impurities, as evidenced by the absence of 
the corresponding IR bands. For the DFT-based assignment of the observed bands, we calculated the 
vibrational frequency and energetics of hydroxyls on the anatase (001), anatase (101), and rutile (110) 
surfaces. Surface structure and vibrational frequency of rutile (110) surface hydroxyls are known from 
fundamental surface science studies, as illustrated in Figure 2.3. We present assignments of the hydroxyl 
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frequencies based on scaling the DFT calculated values to agree with experimental evidence from rutile 
(110) single crystals,55, 57, 80-81 consistency with the observed thermal stability of the surface hydroxyls, 
and likelihood of the particular facet’s existence.  Our results suggest that the pyrogenic TiO2 bands at ~3670 cm-1 are assigned to the bridging hydroxyls on the anatase (101) surface, the 3690 cm-1 band is 
assigned to the bridging hydroxyls on the rutile (110) surface, and the 3715 cm-1 band is assigned to the 
terminal hydroxyls on the anatase (001) surface.   
 
Figure 2.3. Fundamental surface science studies on the TiO2 rutile (110) surface. (A) vibrational 
frequency of the rutile (110) surface revealed by high resolution electron energy loss spectroscopy 
(HREELS), adapted with permission from Henderson et al.80 (B) STM image of rutile (110) surface 
showing Ti and O rows, reproduced with permission from Diebold et al.43 (C) STM images of rutile (110) 
surface recorded at different temperatures showing the presence of water and surface hydroxyls on the 
surfaces as bright spots. The STM image recorded at 290 K contains only surface hydroxyls which 
reveals that surface hydroxyls on rutile (110) surface have bridging character, adapted with permission 
from Brookes et al.82 
 
2.2. Experimental and theoretical methods 
Three TiO2 samples were studied in this work, which have been characterized for specific surface 
area and crystal phase as reported previously.68 Pyrogenic TiO2 (P90) was purchased from Evonik and 
used as-received. Rutile was purchased from US Research Nanomaterials and used as-received.  
Commercially available anatase samples contain sulfate impurities, which complicates the interpretation 
3690
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of spectral results, so we synthesized sulfate-free anatase using a modified sol-gel method described 
elsewhere.83 Briefly, to 50 ml of 100% ethanol in a 100 ml three-neck round-bottom flask in ice, we 
added 2.89 ml of TiCl4 dropwise with a pressure equalized addition funnel. Once addition of TiCl4 was 
completed, the reaction was stirred at ambient condition for 2 hours. The reaction mixture was placed in 
an oven at 87 °C and heated for three days. The powder was rinsed by addition of milli-Q water and 
centrifuged at 20,000 rpm for 30 minutes, several times every day for 30 days until the pH of the 
supernatant was around 7.  
The bulk crystal phase of the rutile, sulfate-free anatase, and P90 (95% anatase, 5% rutile) 
materials was confirmed with x-ray diffraction and the specific surface areas (P90 100 m2/g; rutile 30 
m2/g; sulfate-free anatase 159 m2/g) will be reported in Chapter 4.68 
DRIFT spectra were recorded using a Nicolet 6700 Fourier Transform Infrared (FTIR) 
spectrometer equipped with a Praying MantisTM (Harrick Scientific Production, IBC) accessory for 
DRIFTS applications. KBr powder was placed in the sample cup inside a Harrick Scientific high 
temperature reaction chamber (HVC). The HVC sample cup is located on a temperature-controlled 
sample stage equipped with a cartridge heater and a chromel-alumel (K-type) thermocouple. The 
temperature of the sample cup is controlled by a Harrick Scientific Automatic Temperature controller 
(ATC-024-1). Based on work by Couble et al.84 analysis performed by DRIFTS gives better agreement 
with volumetric and transmission IR measurements for adsorption using pseudo-absorbance units than 
with Kubelka-Munk units; see also a review paper by Meunier.85 Therefore, spectra were presented in 
absorbance units. 
The TiO2 samples were spread on the top of KBr powder in the sample cup for DRIFTS studies. 
After KBr or each material spread on KBr was loaded in the chamber, the environmental chamber was 
heated to 70 °C overnight under flowing O2 (Grade 2, Matheson), and dried to achieve water vapor 
pressures estimated to be in the 10-10 torr range (Appendix A). Water and carbon dioxide impurities in the 
O2 were removed using a molecular sieve trap (13X, 4 to 8 mesh, Acros Organic, degassed at 200 °C for 
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at least one day) immersed in a dry ice-acetone bath. All DRIFTS spectra were recorded under dry O2 
flow by accumulation of 512 scans at 8 cm-1 resolution using a DTGS detector. 
Density functional theory (DFT) calculations were carried out using the Vienna Ab-initio 
Simulation Package (VASP) in combination with the Atomic Simulation Environment (ASE)86-89 by 
collaborators at the University of Houston*. The projector augmented wave (PAW)90 method and the 
generalized gradient approximation (GGA) with the revised Perdew−Burke−Ernzerhoff (RPBE) 
functional were employed to solve the Kohn−Sham equations.91-92 All DFT calculations were performed 
with a cutoff energy of 400 eV and a Gaussian smearing of kBT = 0.1 eV with subsequent extrapolation 
of the total energies to kBT = 0 eV.93 To correct for on-site Coulombic interaction of the localized Ti 3d 
state, we used the DFT+U approach by Dudarev et al. with Ueff = 2.0 eV.94 This value is in good 
agreement with the value obtained by Hu and Metiu.95 
The optimized lattice constants for rutile TiO2 are a = 4.712 Å, c/a = 0.640, and u = 0.306, in 
good agreement with experimental data.96-97 The rutile TiO2(110) surface was represented in a 5 x 4 
periodic unit cell with four TiO2 layers, of which the top two layers were fully relaxed, while the bottom 
two layers were fixed at their bulk positions. Subsequent slabs were separated by 16 Å of vacuum space 
in the z direction, a dipole correction was applied to compensate for the effect of adsorbing molecules 
only on one side of the surface,98 and spin polarization was included. The Brillouin zone was integrated 
using a (2 x 2 x 1) Monkhorst−Pack mesh,99 and geometries were optimized using a force convergence 
criterion of 0.05 eV/Å. Convergence with respect to the k-point set and the force criterion were 
confirmed. 
The binding energies of stable intermediate states (EBE) were calculated with respect to the clean 
surface and gas phase reference molecules according to EBE = Eslab+adsorbate − (Eslab + Egas), where 
Eslab+adsorbate is the total energy of the slab with adsorbates; Eslab is the energy of the clean surface; and Egas 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*	  Calculations were performed by Juan Manuel Arce-Ramos and Lars Grabow.	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is a gas phase reference state based on phenol, water, and hydrogen. All reported DFT energies are 
electronic energies at T = 0 K unless otherwise noted.  
 
2.3. Results 
We have performed DRIFTS studies of the titania samples as well as DFT calculations of the surface 
structure, vibrational frequencies, and thermal stability of the surface hydroxyls.  
 
2.3.1. DRIFTS 
DRIFTS experiments were performed during the pretreatment and after the surface was cleaned from 
surface impurities to observe hydroxyls bands without interference of the impurities. We have also 
studied the surface hydroxyls that are formed upon hydrogen dissociation on the TiO2 surface.  
 
2.3.1.1. Pretreatment 
Hadjiivanov et al. 36 in their review paper on the surface chemistry of anatase TiO2 determined 
that there are at least 12 distinct surface hydroxyls reported for anatase TiO2 and a precise interpretation 
of the observed patterns is still missing. A recent assessment of the surface hydroxyls of anatase and rutile 
TiO2 shows that not much has improved and contradictory results have been reported by different 
authors.100 Some of the reported surface hydroxyl bands for anatase are from surface impurities or are due 
to interactions with impurities such as water, carbonate, bicarbonate, and sulfate species that are 
commonly found on TiO2 surfaces.36 Hence, we developed procedures to clean and dehydrate the TiO2 
surface so that only hydroxyls characteristic of the exposed facets remain. To find the optimum 
pretreatment temperature, we performed step-wise temperature-programmed calcination of the samples 
from 30 °C to 400 °C for each sample in the environmental chamber while DRIFTS spectra were 
recorded. Samples were maintained at elevated temperatures for at least 8 hours under flowing dry 
oxygen. 
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Figure 2.4. DRIFTS spectra of the TiO2 samples, (A) P90, (B) anatase, and (C) rutile recorded during 
stepwise temperature programmed calcination from 30 to 400°C, as indicated. 
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The DRIFTS spectrum of P90 recorded at room temperature (Figure 2.4-A) contained several 
absorbances caused by surface impurities. The bands at 1357, 1444, and 1547 cm-1 are assigned to 
carbonate and bicarbonate species.61 The 1624 cm-1 band is assigned to the bending mode of molecularly 
adsorbed water. 48, 80 The broad absorption in the 2500-3600 cm-1 region is characteristic of hydrogen 
bonded surface hydroxyls and hydrogen bonded water molecules. The complex feature in the 3600-3800 
cm-1 region is characteristic of surface hydroxyl groups and water molecules coordinated to Lewis acid 
sites, as will be discussed below.42, 48 
DRIFTS spectra showed that the surface is dehydrated at 200 °C, as evidenced by the elimination 
of the water bending band and the broad absorption feature in the 2500-3600 cm-1 region (Figure 2.4-A), 
which is consistent with previous reports.42, 46 The carbonate bands were eliminated from the spectrum at 
300 °C. In addition, the 3708 cm-1 band grows in intensity as the surface impurities are removed. At this 
temperature only three significant bands were resolved in the isolated hydroxyl region at 3630, 3673, and 
3708 cm-1. After overnight calcination at 400 °C, these bands were largely eliminated from the spectra, 
and only a small band at ~ 3740 cm-1 was observed (inset of Figure 2.4-A). The vibrational frequency and 
high thermal stability of the latter band are consistent with previous assignments of this band to silica 
impurities.101-102 This assignment is also supported by XPS analysis of P90, which shows the presence of 
silica impurities.34 Thus, the P90 surface remained contaminated at temperatures below 300 °C, and the 
surface dehydroxylated at temperatures above 300 °C, although the dehydroxylation temperature should 
depend on the partial pressure of water and is different for each crystallographic facet (vide infra). Under 
the conditions used in this study, 300 °C was considered optimal.  
Because pyrogenic TiO2 consists of individual anatase and rutile particles, samples of pure 
anatase and rutile were evaluated as well. Similar step-wise temperature-programmed calcination 
experiments as that of P90 were performed for the anatase (Figure 2.4-B) and rutile (Figure 2.4-C) 
samples. At room temperature, the DRIFTS spectrum of anatase shows strong absorbance in the 2500-
3600 cm-1 region, indicating that the surface is highly hydroxylated making it hydrophilic and therefore 
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retaining molecular water, as confirmed by the strong bending mode (1620 cm-1) (Figure 2.4-B). 
Calcination at higher temperatures led to a reduction in the broad absorption feature in the 2600-3600 cm-
1 region. However, this feature was not eliminated even after several days of calcination at 400 °C, in 
contrast to P90. Isolated hydroxyl bands at 3629, 3675, and 3703 cm-1 also persisted in the spectra during 
the calcination at 400 °C. These bands must be due to surface hydroxyls because the water bending band 
was eliminated at 200 °C. The differences in hydroxylation between anatase and P90 may be due to the 
synthesis methods for each.  It is known that the surface of TiO2 samples prepared at low temperature in 
the presence of water, as during the hydrolysis of TiCl4, are extensively hydroxylated; while such surfaces 
undergo irreversible dehydroxylation during drying, some hydroxyls persist on the surface and remain 
even after evacuation at 700 °C.36 Conversely, the surface of TiO2 samples prepared at high temperature 
in the absence of water (e.g., P90) are largely dehydroxylated as-synthesized.36 
DRIFTS spectra recorded during the step-wise temperature-programmed calcination of rutile are 
shown in Figure 2.4-C. Water and carbonate bands were eliminated from rutile after overnight calcination 
at 300 °C, and a broad absorption feature for the H-bonded surface hydroxyls was observed in the 2500-
3600 cm-1 region, as were three bands for isolated hydroxyls at 3727, 3683, and 3652 cm-1 (See inset of 
Figure 2.4-C). Similar bands were previously reported for rutile powder samples.71, 103-104 The isolated 
hydroxyl bands were eliminated after overnight calcination at 400°C.   
There was a band at 2345 cm-1 which appeared in the DRIFTS spectra of anatase and rutile but 
not the spectra of P90, and it persisted after overnight calcination at 400 °C. While this band could be due 
to the asymmetric stretching mode of linear CO2 molecules coordinated to Lewis acid sites on the TiO2 
surface,61 CO2 molecules coordinated to  Ti4+ sites persist on the surface at room temperature only under 
CO2 atmosphere.61 Hence, this band must have originated from the CO2 molecules trapped in the 
structure, as previously reported for silica.105 
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2.3.1.2. Hydroxyl bands 
Figure 2.5 shows the DRIFTS spectra of the TiO2 samples recorded at 300 °C and after the 
temperature was returned to room temperature under dry O2 flow. For P90, the decrease in temperature 
led to: an increase in the intensity of the 𝜐	   𝑂 − 𝐻  bands; blue shifts of the bands at 3708 and 3629 cm-1 
by 10 and 12 cm-1, respectively; no change in the frequency of the band at 3673 cm-1; an absorbance at 
3687 cm-1 was resolved from other absorbances. The anatase TiO2 sample behaved similarly to the P90 
sample, except that the 3687 cm-1 band was absent (Figure 2.5-B). The intensity of the 𝜐	   𝑂 − 𝐻  bands 
increased for the rutile TiO2 sample and the absorbances at 3683 and 3650 cm-1 blue shifted by ~12 and 
10 cm-1, respectively (Figure 2.5-C).   
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Figure 2.5. DRIFTS spectra of A) P90 , B) anatase, and C) rutile in the hydroxyl region recorded at 300 
°C (red spectra) and 30 °C (black spectra). Symbols on the top of (A) show the DFT-calculated 
vibrational frequency of hydroxyls on the anatase (001) surface (blue), anatase (101) surface (red), and 
rutile (110) surface (black), as summarized in Table 2.2. Symbols (and numbers) on the top of (B) and (C) 
show the predicted vibrational frequencies of anatase and rutile hydroxyls after scaling the DFT-
calculated values (see Discussion). 
 
Now, we compare the spectral behavior of the surface hydroxyls of pyrogenic TiO2 collected in this 
work with information available in the literature. A summary of the 𝜐	  (𝑂 − 𝐻) values from the literature 
for P25 pyrogenic TiO2 samples observed on reasonably dry surfaces is presented in the first five columns 
of Table 2.1, illustrating the lab-to-lab reproducibility of the measured frequencies. To observe the 
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surface hydroxyl bands of TiO2, prior pretreatment at higher temperatures is required.47, 106 We observed 
that surface hydroxyl bands undergo significant transformations at 300 °C, when carbonate species are 
eliminated. Two of the 𝜐	  (𝑂 − 𝐻) frequencies observed in this study for P90 at 300 °C (3629 and 3708 
cm-1) are slightly lower than those reported for P25 in Table 2.1. However, it must be noted that the 
reported P25 values summarized in Table 2.1 were recorded at room temperature, after initial 
pretreatment at higher temperatures. Spectra recorded at 300 °C were at a sufficiently high temperature to 
prevent adsorption of water on the surface, but under our conditions negligible uptake of water could have 
occurred during cooling to 30 °C. The values of 𝜐	  (𝑂 − 𝐻) measured for P90 at 30 °C were consistent 
with the P25 reported values within ±2 cm-1. 
Table 2.1. Comparison of 𝜐	  (𝑂 − 𝐻) values of the pyrogenic TiO2 P25 with P90. 
P25     P90  aAssignments  
Panayo
tov65 
Lobo-
Lapidus
66 
Nanaya
kkara 46 
Deiana 
47 
Lin106 This 
Work 
(300 °C) 
This 
Work 
(30 °C) 
 
- - 3733 3736 3734 3740 3740 SiO2  
3716 3717 3717 3717 3715 3708 3717 OHtr A(001) 
3688 3689 3691 3688 3688 - 3688 OHbr R(110) 
3674 3672 3672 3672 3671 3673 3673 OHbr A(101) 
3660 - - 3659 3658 - - bNA 
3648 3642 3642 3642 3640 3629 3641 NA 
a See the Discussion section for the assignments, bNot assigned 
 
2.3.1.3. Hydroxyls formed by reaction with H2 (D2) 
To demonstrate the formation of surface hydroxyls from dissociation of H2 independent of the 
adsorption of background water, we performed our experiments under rigorously dry conditions and at 
300 °C. Before exposure to H2, we cleaned the TiO2 samples by calcination at 400 °C under dry O2 for at 
least 8 h. The state of the surface after such pretreatment can be inferred from the spectra depicted in 
Figure 2.4. We achieved highly dehydroxylated surfaces for P90 and rutile with no detectable impurities, 
except traces of SiO2, but the anatase sample remained slightly hydroxylated. Spectra depicted in Figure 
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2.6 were recorded during the reaction of such surfaces with H2 at 300 °C.  Previous reports show that H2 
dissociates on pyrogenic titania (P25) above 250 °C to yield electrons and protons.107 The protons bond to 
surface oxygens (to form hydroxyls) and the electrons accumulate in the CB and mid-gap states.69-70, 108 
We observed a broad electronic absorbance feature and hydroxyl stretching bands for all these samples 
after reaction with H2 at 300 °C.68 By comparison with Figure 2.5, H2 dissociated to form only certain 
hydroxyls. Reaction of the P90 surface with H2 at 300 °C generated two bands at 3675 and 3645 cm-1 
Figure 2.6-A. The anatase BC sample contained three bands at 3630, 3673, and 3708 cm-1 before 
exposure to H2 but, as the difference spectrum in Figure 2.6-B shows, the two overlapping bands that 
appear at 3673 and 3645 cm-1 are the same bands as found for P90, which is consistent with the 95% 
anatase content of P90. Reaction of the dehydroxylated rutile surface with H2 produced two bands at 3683 
and 3665 cm-1, which were both present during dehydroxylation at 300 °C.  
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Figure 2.6. Difference DRIFTS spectra of A) P90, B) anatase, and C) rutile in the hydroxyl region 
recorded during the reaction of the 400 °C dehydroxylated TiO2 samples with H2 at 300 °C. All the 
spectra are relative to the DRIFTS spectrum of the sample recorded under Ar right before exposure to H2. 
Surface hydroxyls formed by H2 dissociation only on selected facets of the P90, anatase and rutile 
surfaces. 
	  
Reaction of the hydroxylated anatase surface with D2 gave us further insight on how surface 
hydroxyls are preferentially formed upon hydrogenation. Figure 2.7-A shows that, in addition to the broad 
electronic absorption, H/D exchange resulted in negative-going bands in the OH region and positive-
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going bands in the OD region. Comparison of the expanded spectra in Figure 2.7-B and -C shows that 
initially, the relative intensities of the negative-going OH bands are similar to the corresponding positive-
going OD bands. The relative intensity of the OH bands remained unchanged during the reaction, 
although they shifted upwards due to the increasing electronic absorbance background. However, at 
longer times, the relative intensity of the 2704 cm-1 OD band increased, indicating that D2/H2 dissociation 
occurred preferentially on one facet (corresponding to the 3670 cm-1 hydroxyl).  The continuous growth 
of the broad electronic absorption feature shows continuous addition of electrons to the shallow trap states 
of anatase TiO2 (Chapter 4) as OD groups are formed and dehydroxylation to produce oxygen vacancies 
occurs, maintaining a steady state OD coverage.   
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Figure 2.7. Difference DRIFTS spectra recorded during the reaction of anatase with D2 at 300 °C. (A) 
overall spectra showing both vibrational and broad electronic absorbance features upon H/D exchange; 
(B) OH region showing negative-going bands and (C) OD region showing that in addition to the initial 
H/D exchange, the band at 2704 cm-1 continues to grow, which corresponds to the hydroxyl at 3670 cm-1.   
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2.3.2. DFT calculations 
Previous work by Arrouvel et al.42 provides extensive information regarding the coverage 
dependent structures of water or hydroxyls formed upon adsorption of water on the stoichiometric anatase 
(001), (100), (110), and (101) surfaces, and surface free energy calculations used to predict phase 
diagrams, i.e. the equilibrium coverage of hydroxyls as a function of temperature and water vapor 
pressure.  Because it is known experimentally79, 109 and theoretically77-78 that water can dissociate on 
oxygen vacancies on the (101) and (001) surfaces or H2 could adsorb dissociatively at defects110 on the 
stoichiometric surface to form hydroxyls, and to make direct comparison with the calculations of 
Arrouvel et al.,42 we focused our DFT calculations on the (101) and (001) facets of anatase and the (110) 
facet of rutile.  The anatase (101) and (001) facets are the stable facets from the Wulff construction for 
both the stoichiometric and hydrated or hydroxylated anatase surfaces.   
 
2.3.2.1. Surface structures 
Figure 2.8-A and -B show the optimized surface structure of the two anatase faces with 
stoichiometric terminations. On the anatase (001) face (Figure 2.8-A), all surface Ti atoms are five-
coordinate (𝑇𝑖;); while on the anatase (101) facet (Figure 2.8-B), the topmost layer exposes five- and six-
coordinate Ti atoms (𝑇𝑖;, and 𝑇𝑖;<). Both facets contain both three- and two-coordinated surface oxygens 
(𝑂=>, and 𝑂?>). The 𝑂?> sites on both surfaces are more exposed compared to the 𝑂=> sites.  Selected Ti–
O bond lengths of the optimized surfaces are also shown in Figure 2.8.  
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Figure 2.8. Side and top views of the optimized configurations of the stoichiometric anatase A) (001) and 
B) (101) surfaces, and surfaces with oxygen vacancy created by removing an O2C from the C) (001) and 
D) (101) faces, at locations indicated by the red dashed circle. Ti and O atoms are shown in blue and red, 
respectively. Only surface atoms are shown in the top view for clarity. Bond lengths are expressed in 
Ångstroms. Limits of the periodic cell are shown in black dashed lines. 
 
 Figure 2.8-C and -D shows optimized structures for the defected (001) and (101) faces (i.e. a 
surface containing oxygen vacancies). In the case of the (001) face, the formation of the oxygen vacancy 
at the O2C site leads to a relaxation of the exposed Ti atoms towards the closest O2C to partially heal the 
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under-coordination caused by the removed oxygen. Similarly, the removal of an O2C oxygen from the 
(101) surface causes the neighboring Ti atoms to move towards the O3C atoms in the direction opposite to 
the vacancy. The direct removal of a bridging surface oxygen from the (001) facet to produce gas phase 
½(O2) requires 3.59 eV, which can be compared to a previous calculation by Guo, et al.111 of 4.09 eV for 
the unreconstructed (001) surface.  While a (1x4) reconstruction is known for the anatase (001) surface112-
113, there is clear evidence that the unreconstructed structure exists at low temperatures on nanocrystals,114 
but reconstructs between 400 and 600 °C.115  The same process on the (101) requires 4.15 eV, which is 
identical to previous results on the anatase (101) surface, 116 but the estimated defect creation energy is 
5.08 eV at the sX-LDA level.117  For both anatase 1x4 (001) and (101), subsurface oxygen vacancies are 
more stable116-117 and oxygen vacancy diffusion is facile. 116  These values are generally larger than the 
surface vacancy creation energy of 3.68 eV on the rutile (110) surface.116  
Dissociative adsorption of water at the vacancy sites and migration of a proton can lead to 
formation of two hydroxyl groups. Figures 2.9-b, 2.10-a, and 2.10-c display the structures of selected 
surfaces with two hydroxyls, while the calculated vibrational frequencies of the O–H stretching modes is 
presented in Table 2.2. The influence of the local environment around the OH groups was also studied by 
considering structures containing a single hydrogen adatom per cell (Figure 2.9-c and 2.10-b) to simulate 
a partially dehydroxylated surface. For direct comparison with the energy and frequencies reported by 
Arrouvel et al.,42 Figure 2.10-a shows the structure produced by dissociative adsorption of H2O via a 
hydrolysis process on the stoichiometric (001) face. The configurations and hydroxylation coverage (𝜃 =𝐻/𝑂?>ratio) included in Figures 2.9 and 2.10 are as follows: (2.9-a) H2O dissociation via hydrolysis on 
the stoichiometric (001) surface (𝜃 = 0.25); (2.9-b) H2O dissociation at an oxygen vacancy on the (001) 
surface (𝜃 = 0.25); (2.6-c) H adsorption over the stoichiometric (001) surface (𝜃 = 0.125); (2.10-a) H2O 
dissociation over an oxygen vacancy (O2c) of the (101) surface (𝜃 = 0.167); (2.10-b) H adsorption over 
the stoichiometric (101) surface (𝜃 = 0.0625); (2.10-c) H2O dissociation over an oxygen vacancy of the 
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(101) surface (𝜃 = 0.167).  For comparison to experimental and theoretical literature values, we also 
calculated the structures and frequencies of bridging hydroxyls on the rutile (110) surface at coverages 
corresponding to 𝜃 = 0.33  and 𝜃 = 0.66 (structures not shown).  
 
Figure 2.9. Hydroxylated surfaces of the (001) face of anatase. a) water dissociation via hydrolysis of the 
stoichiometric surface to form two terminal OH groups; b) water adsorption onto a surface oxygen 
vacancy to form two bridging hydroxyls; and C) a single bridging hydroxyl for evaluation of coverage 
dependent frequency shifts. Only surface atoms are shown in the top view for clarity. Atom color code is 
the same as in Figure 2.8 with hydrogen atoms being displayed in small white circles. 
	  
 
Figure 2.10. Hydroxylated surfaces of the (101) facet of anatase, which could be formed either by 
adsorption of H2 on the stoichiometric surface or via water dissociative adsorption at an O2c vacancy and 
migration of the proton to form A) a bridging hydroxyl at O2c and a bridging hydroxyl at a neighboring 
O3c; B) a single bridging hydroxyl at the O2c site and C) two bridging hydroxyls at O2c sites for 
comparison of the hydroxyl frequency at low coverage. Only surface atoms are shown in the top view for 
clarity. Atoms color code is the same as in Figure 2.8 with hydrogen atoms being displayed in small white 
circles. 
	  
The relative energies for dissociative adsorption of H2 on the stoichiometric (001) and (101) 
surfaces to form two surface hydroxyls and the dehydroxylation to form H2O and a surface oxygen 
vacancy are shown in Figure 2.11. These energies are referenced with respect to the energy of the most 
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stable hydroxylated state (with two H per cell shown in Fig. 2.9-b and 2.10-c), to illustrate the energy 
required or produced during adsorption of H2 and required for dehydroxylation. The hydroxylated state is 
the lowest in energy for the (001) facet, and is thermodynamically favorable to relatively high 
temperatures (see Section 2.3.2.3 below). By contrast, desorption of H2 from the hydroxylated (101) 
surface to yield the stoichiometric termination is favored energetically. As shown by Aschauer and 
Selloni’s DFT calculations,118 the associative desorption of H2 from the (101) surface of anatase (Figure 
2.10-c) is kinetically limited by activation barriers in the range of 1.8 to 2.0 eV, decreasing at higher 
hydroxyl coverage.118. The energy required for dihydroxylation is in good agreement with the 1.2 eV 
value Aschauer and Selloni reported118 for oxygen vacancy defect creation with no additional activation 
energy barrier.  Therefore, although desorption of hydrogen that leads to a stoichiometric (101) anatase 
surface is thermodynamically favored, loss of hydroxyls is thought to be kinetically limited with 
dehydroxylation being the lowest energy barrier, followed by diffusion into the bulk, and then desorption 
of H2 least accessible. Thus, observation of the hydroxylated (101) surface at low temperatures is 
possible.  
 
 
Figure 2.11. Relative energy of different structures of the (001) and (101) surfaces. From left to right:  
H2(g) + stoichiometric surface; hydroxylated structures for (001) corresponding to two bridging hydroxyls 
as shown in Fig. 2.9-b and for (101) as shown in Fig. 2.10-c; H2O(g) + surface with oxygen vacancy.   
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2.3.2.2. Vibrational frequencies 
The calculated bond lengths and vibrational frequencies of the TiO2 hydroxyls studied in this 
work are summarized in Table 2.2. These frequencies decrease linearly with the O–H bond length 
regardless of the coordination of the oxygen atom involved in the bond (Figure 2.12), which is consistent 
with previous reports.75. 
 
Table 2.2. Calculated 𝜐(𝑂 − 𝐻) and 𝜐(𝑂 − 𝐷) on the (001) and (101) facets of anatase. Coverage of 
hydroxyls groups and bond lengths for O–H are also included. Scaled frequencies shown in parentheses 
(See Discussion). 
ID Phase Facet Type θ Bond length (𝑂 − 𝐻), Å 𝜐(𝑂 − 𝐻)	  cm-1 𝜐(𝑂 − 𝐷)	  cm-1 
1 ana (001) O1c–H 0.5 0.9710 3778.1(3718) 2749.6 
8 ana (001) O1c–H 0.5 1.0107 2896.0(2850) 2116.7 
2 ana (001) O2c–H 0.5 0.9777 3662.2(3604) 2666.2 
3 ana (001) O2c–H 0.25 0.9814 3597.7(3541)  
4 ana (101) O2c–H 0.25 0.9733 3738.8(3680)  
5 ana (101) O2c–H 0.25 0.9740 3734.1(3675)  
6 ana (101) O2c–H 0.5 0.9743 3722.2(3663) 2707.8 
7 ana (101) O2c–H 0.25 0.9801 3603.1(3546)  
9 rut (110) O2c–H 0.66 0.9717 3749.2(3690)  
10 rut (110) O2c–H 0.33 0.9701 3788.0(3728)  
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Figure 2.12. The O-H stretching frequency of surface hydroxyls as function of the O-H bond length (a). A 
wider view is also provided to include the hydroxyl group with the greatest bond length (b). All the 
anatase hydroxyls considered in the plots are shown in Figures 2.9 and 2.10. Vibrational frequencies of 
hydroxyls over the (110) facet of rutile at two coverage (1/3 and 2/3) are also shown for comparison. 
 
On the (001) facet, hydroxyls 1 and 8 (Figure 2.9-a) are formed from water dissociation, as 
reported by Arrouvel, et al.42  During this process, a hydroxyl from water sits over a TiV site while one 
lattice O2c-TiV bond breaks and forms an additional terminal hydroxyl (O1c-H) with the remaining proton 
from water. The new OH groups are hydrogen-bonded to each other. While hydroxyl 1 is a H-bond 
acceptor group, hydroxyl 8 is a H-bond donor. The donor and acceptor character of the OH groups change 
their bond lengths and, consequently, the corresponding vibrational frequencies. The calculated bond 
length of the hydroxyls 1 and 8 are 0.971 and 1.011 Å and the corresponding calculated vibrational 
frequencies are 3778 and 2896 cm-1 respectively.  Our frequency of 3778 cm-1 is higher than that of 
Arrouvel, et al.42  (3760 cm-1) because they included anharmonic corrections.  
A comparison of the calculated O–H stretching frequencies summarized in Table 2.2 illustrates 
the influence of the local environment on the vibrational frequency of bridging hydroxyls. On the (001) 
facet, when the coverage of hydroxyls increases from one hydroxyl in the unit cell (hydroxyl 3, Figure 
2.9-c) to a pair of hydroxyls (hydroxyl 2, Figure 2.9-b), the O–H bond lengths decreased from 0.981 Å to 
0.978 Å and 𝜐 𝑂 − 𝐻  increased from 3597.7 cm-1 to 3662.2 cm-1 (64.5 cm-1 blue shift). On the anatase 
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(101) surface, the calculated 𝜐 𝑂 − 𝐻  for the bridging hydroxyls (O2c-H) were 3738.8 cm-1 (hydroxyl 4, 
Figure 2.10-a), 3734.1 cm-1 (hydroxyl 5, Figure 2.10-b) and 3722.2 cm-1 (hydroxyl 6, Figure 2.10-c). 
Surprisingly, the increase of the hydroxylation coverage has a different effect in the 𝜐 𝑂 − 𝐻  of the O2c-
H groups of anatase (101) surface depending on the nature of the neighbor hydroxyl.  For example, if we 
use hydroxyl 5 in Figure 2.10-b as a reference, a neighboring O3c-H (Figure 2.10-a) causes a 𝜐 𝑂 − 𝐻  
blue shift while an adjacent O2c-H (Figure 2.10-c) produces a 𝜐 𝑂 − 𝐻  red shift. On the rutile (110) 
surface, the calculated frequency for a single hydroxyl in the (1x3) supercell (hydroxyl 10, Table 2.2) is 
3788.0 cm-1 and the calculated frequency for a pair of hydroxyls in the supercell (hydroxyl 9, Table 2.2) is 
3749.2 cm-1. The presence of an adjacent O2c-H group produces a 𝜐 𝑂 − 𝐻  red shift in the equivalent 
hydroxyls. 
 
2.3.2.3. Phase diagrams 
We used ab initio atomistic thermodynamics to determine the stability of the hydroxylated facet 
structures under a range of reaction conditions, following the approach of Arrouvel, et al.42 Only the most 
stable configurations (i.e., those where two hydroxyl groups are formed) were included in these 
calculations, and only two states that are connected by an adsorption/desorption process are compared at 
the same time. These results are shown in Figure 2.13. Several possibilities were tested for the (001) 
surface: the adsorption/desorption of water over the stoichiometric surface (Figure 2.13-a) or over the 
surface with an oxygen vacancy (Figure 2.13-c); and the adsorption/desorption of hydrogen over the 
stoichiometric surface (Figure 2.13-b).  The phase diagram in Figure 2.13-a compares well with the 
coexistence curve between 𝜃 = 0.0 and 𝜃 = 1.7	  𝐻?𝑂/𝑛𝑚? in the more extensive phase diagram of 
Arrouvel, et al.42 (their Fig. 16b). For the (101) facet, only the states involved in the adsorption/desorption 
of water over the surface with an oxygen vacancy was considered (Figure 2.13-d).   
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As shown in Figure 2.13, both the desorption of water leading to the stoichiometric (Figure 2.13-
a) or defected surface (Figure 2.13-c) are predicted to require temperatures higher than 300 °C for PH2O 
higher than 10-5 bar, while the desorption of hydrogen (Figure 2.13-b) leading to the stoichiometric 
surface is thermodynamically possible at lower temperature and PH2. Whether loss of hydroxyls via 
associative desorption of hydrogen is more favorable than dehydroxylation under our experimental 
conditions depends on activation energy barriers that are not currently known. Under the assumption that 
dehydroxylation of the (101) facet is the most kinetically accessible route to loss of hydroxyls, the phase 
diagram of Figure 2.13-d predicts that dehydroxylation would be equilibrated at lower temperatures than 
for the (001) facet at a water partial pressure of 10-5 bar. The process in which hydrogen is 
adsorbed/desorbed from the (101) stoichiometric surface was also examined, but it leads to the desorbed 
state at all tested conditions.   
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Figure 2.13. Thermodynamic phase diagrams comparing different states in the (001) (a-c) and (101) (d) 
facets of anatase. Over the (001) facet three states were compared connected through the following 
processes: (a) desorption of H2O from the structure of Fig. 2.9-a leading to the stoichiometric surface; (b) 
desorption of H2 from the structure of Fig. 2.9-b leading to the stoichiometric surface; and (c) H2O 
desorption from the structure of Fig. 2.9b leaving an oxygen vacancy (as in Fig. 2.8-C). Over the (101) 
facet the corresponding states are connected through the desorption of H2O from the structure of Fig. 
2.10-c forming an oxygen vacancy (as in Fig. 2.8-D). Region in grey represent the conditions at which the 
dehydroxylated surface is favored, while the blue area represent the hydroxylated state. 
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2.3.2.4. Reaction with H2 
In an attempt to determine the mechanism of hydrogen dissociation and type of hydroxyls that are 
formed by reaction of anatase and rutile surfaces with H2, we performed DFT calculations using the (110) 
and the (101) surfaces of rutile and anatase. The formation of a vacancy via hydrogen reduction was used 
as comparison reaction. Figure 2.14 shows the comparison between the vacancy formation process over 
TiO2 in both crystalline phases. The results for anatase are completely new while the results for rutile 
were reported in a previous work.33 The reaction proceeds first with the dissociative adsorption of 
hydrogen on two Obr sites, followed by the diffusion of a H+ from one hydroxyl toward the remaining OH 
group and finally the formation of molecular water needs to occur prior it desorption leaving an oxygen 
vacancy behind.  
From these DFT results, we can conclude that hydrogen adsorption is harder over anatase, and 
every intermediate involved in the oxygen vacancy formation is thermodynamically unfavorable. Over 
rutile, the process of vacancy formation is about 1 eV less endothermic than over anatase. In a review 
published in 2007,119 the oxygen vacancy formation energy as well as the induced changes in electronic 
properties in the rutile and anatase phases of TiO2, were summarized from different sources in literature. 
They compile mainly theoretical results, and from the available data they collected, it was mentioned that 
the defect formation energies for anatase systems are in general larger than those for rutile, which is 
consistent with the experimental observed lower tendency of forming oxygen vacancies on anatase 
surfaces.  
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Figure 2.14. Potential energy diagram for the oxygen vacancy formation through the reduction with 
hydrogen on Anatase (101) and Rutile (110). In both cases, the energy of reference is the sum of the total 
energy of the stoichiometric slab and the energy of a hydrogen molecule in gas phase. 
	  
From these results one might speculate that the dissociation of H2 at the metal/support interface is 
harder over Ru/anatase than over Ru/rutile, since hydroxyl groups display less stability over anatase. 
However, the effect of the supported metal particles has not been taken into account here. 
We have also studied the energetics of H2 adsorption over surfaces with O defects. After the 
formation of an oxygen vacancy, two electrons are left on the surface causing changes in the chemical 
properties of the surface. A further reduction of the surface might take place via hydrogen adsorption, but 
these aforementioned changes could affect the process. For this reason, we decided to study the 
adsorption of hydrogen over the surface of anatase and rutile containing an oxygen vacancy. First, we 
obtained the electron density difference (EDD) of both systems (anatase and rutile) while removing one 
oxygen. The EDD of a system is calculated as shown in the following equation: 𝐸𝐷𝐷HIJJ = 	  − 𝐸𝐷𝐷KLMI>N − 𝐸𝐷𝐷KOPJ+QR> − 𝐸𝐷𝐷STRK  
where EDDstoich, EDDsurf-vac and EDDOgas are the electron density of the stoichiometric surface, the surface 
with an oxygen vacancy and the isolated O in gas phase, respectively. Essentially, a difference in the 
electron density between the reference states is obtained and accumulation or depletion of electrons can 
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be spotted when a transition from one state (stoichiometric surface) to the other (oxygen vacancy 
formation) takes place. 
In Figure 2.15 is presented the EDD of the oxygen vacancy formation on anatase (101) surface. 
From this figure, it is clear that by removing an oxygen from the surface, the extra electrons left in the 
system migrates immediately to the neighboring Ti atoms, reducing them at some extent. In a similar 
way, over rutile the electrons left by the oxygen atoms after its removal are localized on the adjacent Ti 
atoms as shown in Figure 2.16.  
 
Figure 2.15. Electron density difference of the removal of an oxygen from the surface of anatase (101). 
Side view oriented in the [010] direction of the slab. 
 
Figure 2.16. Electron density difference of the removal of an oxygen from the surface of rutile (110). The 
isosurface in yellow show electronic depletion, while blue show accumulation.  
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After one oxygen is removed from the surface of anatase and rutile, the interaction of hydrogen 
with these reduced surfaces is quite different. A summary of our finding regarding adsorption energies 
and modes over the reduced surfaces is presented in Table 2.3. In one hand, over the O-defected rutile 
surface, two adsorption modes have similar adsorption energies, the heterolytic dissociation forming H-Ti 
and H-Obr bonds (H-Ti2, H-Obr configuration), or the homolytic dissociation forming two H-Obr bonds 
(H-Obr, H-Obr configuration). These two configurations have a difference of only 0.1 eV, as can be seen in 
Table 2.3, and therefore are expected to coexist under suitable conditions. However, note that both 
processes have different implications regarding the induced electronic effect on the surface. For instance, 
the heterolytic dissociation of H2 does not add extra electrons to the surface, while the adsorption over 
oxygen sites does. Figure 2.17 displays the two most stable configurations for hydrogen adsorption over 
reduced rutile. The formation of two H-Ti bonds after H2 dissociation was also explored but this process 
is less favorable than the mentioned above by at least 0.56 eV. 
 
Table 2.3. Adsorption configurations and energies of hydrogen over surface models with an oxygen 
vacancy. Depending on the adsorption site, hydrogen might donate or retrieve electrons to or from the 
surface (transferred electrons). 
  
Surface Adsorption configuration ∆Eads, eV 
Transferred 
electrons 
Rutile-Ovac H-Ti2, H-Obr 0.094 0 
Rutile-Ovac H-Obr, H-Obr 0.205 +2 
Rutile-Ovac H-Ti2, H-Ti 0.762 -2 
Anatase-Ovac H-Ti2, H-Ti 0.120 -2 
Anatase-Ovac H-O3fold, H-Ti2 0.500 0 
Anatase-Ovac H-Obr, H-Obr 0.504 +2 
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Figure 2.17. Two most preferred adsorption configurations of H2 over the surface of rutile (110) with an 
oxygen defect. H-Ti2, H-Obr configurations shown at the left, while H-Obr, H-Obr configuration is shown 
at the right. Only two hydrogen atoms were added but the image in the right show more due the 
periodicity of the slab.  
	  
The adsorption of hydrogen over the O-defected anatase surface is quite different. In this case, the 
most stable adsorption configuration of hydrogen involves the formation of H-Ti bonds (H-Ti2, H-Ti 
configuration), forming hydride species. The adsorption energy in this case is 0.120 eV, similar to those 
most stable configurations obtained for the rutile surface. The second most preferred adsorption 
configuration (H-O3fold, H-Ti2) of hydrogen over reduced anatase has ∆Eads = +0.50 eV, higher by 0.38 eV 
than the most stable hydride configuration. A mostly equally stable configuration involves the homolytic 
dissociation of H2 forming two H-Obr bonds (H-Obr, H-Obr configuration). This last configuration has a 
∆Eads = 0.504 eV. Figure 2.18 displays the three most stable configurations for hydrogen adsorption over 
reduced anatase.  
	  
	  
53 
 
Figure 2.18. Three most preferred adsorption configurations of H2 over the surface of anatase (101) with 
an oxygen defect. H-Ti2, H-Ti configuration shown at the left, H-O3fold, H-Ti2 configuration is shown in 
the middle and H-Obr, H-Obr configuration is shown at the right. 
	  
To further investigate the formation of the hydride over reduced anatase, we determine the EDD 
of the system containing two adsorbed hydrogen atoms over Ti sites. The EDD was determined as the 
difference in the electron density of the H-Ti2, H-Ti configuration and the sum of the electron densities of 
the Ovac-slab and isolated H atoms. A visualization of the EDD obtained is displayed in Figure 2.19. As 
can be seen in this figure, upon hydrogen adsorption over Ti sites, electrons were transferred from the Ti 
atoms, initially the oxygen vacancy neighbors, to the adsorbed H atoms. This suggests that the extra 
electrons, initially left by the oxygen atom while forming a vacancy, allocates on the hydrogen atoms 
while forming the H-Ti bonds, reversing reduction. 
 
Figure 2.19. Electron density difference of the adsorption of hydrogen over Ti sites over the surface of O-
defected anatase (101). Side view oriented in the [010] direction of the slab. 
	  
From these results, we may speculate that the reduction process of rutile-TiO2 is considerably 
different from that on anatase. For instance, a facile accommodation of the extra electrons due to 
hydrogen adsorption might occur over rutile, even at the proximity of an existent oxygen vacancy. 
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However, over anatase the allocation of extra electrons might be a more difficult process once the surface 
has been reduced, leading to a more stable hydride state reversing reduction.   
 
2.4. Discussion 
A recent assessment by Hadjiivanov100 on the interpretation of the surface hydroxyl bands of 
anatase and rutile titania indicates that assignments continue to be based on early coordination models of 
bridging vs. terminal hydroxyls.  Dzwigaj, et al.48 compared water and hydroxyl bands with the DFT 
calculations for well defined anatase faces, by Aurrovel et al.;42 however, bands that are typical of anatase 
titania (see Table 2.1) were identified as molecular water. Recent theoretical studies73-74 show that the 
original categorization of the high frequency bands to terminal hydroxyls and low frequency bands to the 
bridging hydroxyls does not necessarily hold. For example, Liu et al.73 using DFT calculations reported 
that on the anatase (101) surface, bridging hydroxyls vibrate at 3727 cm-1 (similar to our hydroxyl #5 in 
Fig. 2.10.-b, 3734 cm-1), while the frequency of a terminal hydroxyl on the coordinatively unsaturated TiV 
site was 3627 cm-1. As a result, fundamental studies are required for the rational interpretation of the 
surface hydroxyl bands. Although there are many studies on the thermodynamics and structure of TiO2 
surfaces,43, 59, 76, 119-120, reported vibrational frequencies are rare and a number of experimental and 
theoretical inconsistencies remain in the assignment of surface hydroxyls.  
One significant advance toward rational interpretation of the surface hydroxyl bands of anatase 
nanopowders was done by Arrouvel et al.42 who did extensive calculations of the surface energies, 
vibrational frequencies, and phase diagrams (the relative surface energy of the hydrated surfaces and the 
oxygen-terminated surface as a function of temperature and partial pressure of water). As illustrated in 
Figure 2.20, Arrouvel et al.42 calculated the frequency of water molecules coordinated to surface Lewis 
acid sites (top row),which overlap with terminal surface hydroxyls (second row).42  Dzwigaj, et al.48 
compared their theoretical predictions with FTIR data in the presence of water vapor. As Deiana, et al.47 
noted, the isolated hydroxyl frequency predictions of Arrouvel et al.42 could not be confirmed because 
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adsorbed water was present under the Dzwigaj experimental conditions and most hydroxyl stretching 
bands were assigned to adsorbed water.  Although Deiana, et al.47 pretreated P25 up to 600 °C under 
vacuum conditions of 10-5 mbar, upon cooling to room temperature residual water readsorbed, clearly 
evident from the presence of the water bending mode, precluding measurement of the isolated surface 
hydroxyls. Their widely cited work has continued to base isolated hydroxyl frequencies on the original 
assumptions by Primet, et al. 71  and Tsyganenko.72 To make sure that surface hydroxyl bands were not 
measured in the presence of adsorbed molecular water over the course of several hours at room 
temperature, it was necessary to achieve water partial pressures comparable to UHV or maintain the 
surface at temperatures of 300 °C. In this work, we measured spectra in vigorously dry conditions at 300 
°C to observed hydroxyls in the absence of water.  
We based our assignments of surface hydroxyl frequencies to specific facets on satisfying four 
criteria: 1) likelihood that the facet exists; 2) evidence that there is a route to formation of the type of 
hydroxyls considered; 3) theoretical evidence supporting the thermal stability of the hydroxyl; and 4) the 
need to scale DFT frequencies to improve accuracy. 
First, surface facets should exist. The prevalence of a facet in nanoparticles is controlled by its 
surface energy. The Wulff construction is a way to predict the particle morphology. Since P90 is 
composed of both rutile and anatase, we must consider facets of both phases; however the correspondence 
between the hydroxyl spectra of pure rutile, pure anatase, and P90 allows us to assign the bands labelled 
A1, A2, and A3 in the bottom of Figure 2.20 to the majority anatase phase, while the bands labelled R1 
and R2 are predominantly associated with rutile. For rutile, the Wulff construction predicts that (110) 
planes are most abundant, but (101), (011), (100), and (001) facets would be present at equilibrium.121  
The bridging hydroxyls on the (110) surface are well known, as it is the most extensively studied single 
crystal oxide surface. In the Wulff construction of anatase TiO2, only the (101) and (001) facets appear; 
however, the presence of other surface facets cannot be excluded. Calculated surface energies of the 
anatase (100) and (110) facets by Arrouvel et al.42 shows that these facets have comparable surface 
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energies with the (001) surface facet. For example, the energy of the anatase (110) surface is only 40 
mJ/m2 higher than anatase (001). In addition, while Wulff constructions are usually calculated based on 
the surface energies of the stoichiometric surfaces, hydroxylation of the surface generally lowers surface 
energies making other facets energetically more likely during hydrothermal synthesis. Arrouvel et al.42 
showed that some surfaces that are relatively high energy become comparable when hydroxylated. In 
addition to the (101) and (001) facets, Mino et al.40 also identified the (100) and (112) facets in pure 
anatase and anatase particles of pyrogenic TiO2 by using DFT calculations to assign the FTIR bands of 
adsorbed CO.  Yuan et al. using scanning transmission electron microscopy showed the presence of less 
common anatase surfaces such as (103), (102), and (301) facets in anatase nanocrystals.122 Therefore, the 
presence of other facet in practical conditions cannot be excluded and a complete assignment will require 
calculations of hydroxyl frequencies on additional facets. 
After surface facets are identified, we need to know what type of hydroxyls each facet can have. In 
general, there are three ways by which surface hydroxyls can form: (1) dissociative adsorption of water 
on the stoichiometric surfaces; (2) dissociative adsorption of water on defects such as oxygen vacancies; 
and (3) hydrogenation of the stoichiometric surfaces. The energetics of water adsorption on the 
stoichiometric TiO2 surfaces is widely studied.76, 123 Arrouvel et al.42 covered the hydroxyls that are 
formed by dissociative adsorption of water on the stoichiometric anatase surfaces. Although the defect-
free anatase (101) surface does not dissociate water, theoretical calculations of Selloni et al.77-78 shows 
that dissociative adsorption of water on the oxygen vacancies of  (101) surface is favorable.77-78 Very 
recently, Nadeem et al. experimentally confirmed water dissociation on the  oxygen vacancies of the 
anatase (101) surface by observation of the bridging hydroxyls in the STM images of single crystals.79 
Bridging hydroxyls could also form by hydrogenation of the stoichiometric surfaces if there is a route for 
hydrogen activation. Therefore, the final state of water dissociation on a surface with oxygen vacancies 
and final state of the hydrogenation of a defect free surface are identical in reducible metal oxides.124   
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Assignment of the hydroxyls remaining after calcination at 300 °C imposes a thermal stability 
constraint. Arrouvel et al.,42 calculated phase diagrams involving molecularly adsorbed water on anatase 
(100) and (101) which have low thermal stability.  We show the frequency range of these bands as open 
boxes in Figure 2.20 to convey their low thermodynamic stability.  Based on the calculated phase 
diagrams and the absence of water bending modes in our spectra, we can eliminate these molecular water 
adsorption structures. For dissociative adsorption of water to form terminal hydroxyls, the phase diagrams 
indicate that hydroxyls on the anatase (001) and (110) surfaces satisfy the stability constraint (solid 
boxes) while those on the (100) do not (open box). We extended Arrouvel’s work by calculating the phase 
diagrams for the bridging hydroxyls formed on the anatase (101) and (001) surface. Our phase diagrams 
in Figure 2.17 suggest that the bridging hydroxyls on the anatase (101) surface and terminal hydroxyls on 
the anatase (001) surface can remain hydroxylated at 300 °C at water partial pressures as low as 𝑃VWS =10+X	  𝑎𝑡𝑚.  These are shown as solid boxes in the third row of Figure 2.20.  
Dzwigaj et al. 48 assigned a band at 3670 cm-1 to the molecular water mode on (101), which is the 
only potential assignment for the band we observe at 3670 cm-1 (designated A2).  This is inconsistent 
because there is no water bending mode in our spectra, their phase diagram42 would predict desorption of 
molecular water at lower temperatures, and generally DFT frequencies are overestimated. They also 
assign the band at 3735 cm-1 to the terminal hydroxyls on (001). However, this band is not commonly 
observed for pyrogenic TiO2100. Busca et al. observed a band at 3735 cm-1 of some of the anatase samples 
and assigned it to Si-OH hydroxyls102. Consistent with the latter assignment, we observed a low intensity 
band at 3740 cm-1 when silica is detected by XPS. Therefore, we assigned the 3740 cm-1 band to Si-OH 
hydroxyls.  
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Figure 2.20. Assignment of the surface hydroxyls bands using the calculated vibrational frequencies 
calculated by Arrouvel et al. and us. Arrouvel’s values are shown by squares and our values are shown by 
lines. Black symbols show anatase bands and red symbols shows rutile bands. The filled symbols show 
the species that can exist on the surface at 300 °C and empty symbols show the species that will desorb 
from the surface at temperatures below 300 °C, based on the calculated phase diagrams.   
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In calculations of molecular vibrational frequencies with DFT methods, scale factors ranging 
typically from 0.90 to 0.98 are used to obtain good spectroscopic accuracy. 125  Scale factors are well 
established for specific combinations of hybrid functionals and basis sets, 125-128 but no scale factor has 
been established for the plane wave basis sets and the RPBE or other non-hybrid functionals used in 
VASP, although there is a general expectation that frequencies are overestimated in plane wave DFT 
calculations.129  An approximate value for the scale factor can be estimated from comparison of 
experimental and our calculated frequency for rutile (110). The vibrational frequency of bridging 
hydroxyls on the rutile (110) single crystal surface has been reported by several authors. Henderson used 
high resolution electron energy loss spectroscopy (HREELS) to measure a 𝜐	  (𝑂 − 𝐻)  value of 3665 cm-1 
in one report81 and 3690 cm-1 in another report80 for the bridging hydroxyl formed by water dissociation 
on O-vacancy sites.82 Yin et al.57 used HREELS to obtain a 𝜐	  (𝑂 − 𝐻) value of 0.456 eV (i.e., 3678 cm-1) 
for the bridging hydroxyl formed upon exposure of rutile (110) single crystals to atomic hydrogen.124, 130 
Petrik et al.55 reported the value of 3711 cm-1 using infrared reflection-absorption spectroscopy (IRAS) 
for the hydroxyls formed by water dissociation on this surface. The average of the experimentally 
reported 𝜐	  (𝑂 − 𝐻) values of the bridging hydroxyls of rutile (110) surface is 3686 ± 19.5 cm-1. In 
comparison, the calculated value of OHbr on the rutile (110) surface is 3749.2 cm-1 (Table 2.2), indicating 
a correction factor of 0.983 ± 0.01, which is within the range expected. 
Scaling our DFT frequencies by this factor brings the anatase (001) terminal hydroxyl frequency 
into alignment with peak A1 and the bridging hydroxyls on (101) into agreement with peak A2.  This 
assignment satisfies the stability constraint and the facets are known to exist on P25.  A more precise 
scale factor can be estimated from the best fit of our frequencies (1, 9, 4, 5,6,) to A1, R1, and A2. The 
frequencies of Arrouvel et al.42 included anharmonic corrections, the scale factor to correct their 
frequencies should be closer to unity.  By comparison of the terminal hydroxyls on (001) frequencies in 
both calculations, we estimate a scale factor of (0.988).  This aligns their (001) terminal hydroxyl with our 
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A1 peak at 3717 cm-1, as shown in row 7 of Figure 2.20, which is thermally consistent and resolves the 
suggestion that the 3735 cm-1 peak of Dzwigaj et al. 48 and our spectra be assigned instead to Si-OH 
impurities. 
The scaled (110) terminal hydroxyl frequency of Arrouvel et al.42 could be present in low 
coverage, but is certainly not resolved in our spectra.  The only hydroxyl close in frequency to our anatase 
A3 peak is the terminal hydroxyl on the (100) face.  These facets have been shown to exist,40, 122 but the 
phase diagram42 predicts desorption at lower temperatures. However, because the barrier to associative 
desorption could be sufficiently large to make it kinetically metastable (similar to the situation for the 
bridging hydroxyls on (101)), we cannot exclude it.  Certainly, other facets, such as the (112) and (103), 
need to be explored as potential assignments. Nevertheless, bands R2 and A3 could not be assigned 
definitively from the facets considered in this work. 
Further support for assignment of hydroxyls A1 to terminal OH on (001) and A2 to bridging 
hydroxyls on (101) can be gained from the H2 dissociation experiments in Figures 2.6 and 2.7 where the 
intensity of A2 grows along with the broad electronic absorbance.  Previous DFT studies of the energetics 
of H2 dissociation on stoichiometric anatase and rutile surfaces 124 and this work on the energetics of H2 
dissociation on the O-vacancies of anatase (101) and rutile (110) surfaces shows that H2 dissociation can 
be either homolytic or heterolytic. While homolytic dissociation of H2 does not involve electron transfer 
to/from TiO2, there are two electrons transferred to TiO2 upon homolytic dissociation of H2. Observation 
of a broad electronic absorbance in the difference DRIFTS spectra recorded during the reaction of H2 with 
the anatase and rutile samples (sulfate paper) shows that electrons are transferred to the lowest 
unoccupied electronic states of TiO2, which is in support of homolytic dissociation of H2. This could be 
because although heterolytic dissociation is more favorable in some cases, there might be less barrier for 
homolytic dissociation. After homolytic dissociation of hydrogen, bridging hydroxyls are formed, see 
Figure 2.17 and 2.18 for rutile (110) and anatase (101) respectively. Formation of terminal hydroxyl on 
the TiO2 surfaces studied upon reaction with H2 would require breaking of a Ti-O bond which seems 
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unlikely. Hence, only bridging hydroxyls are formed after the reaction with H2. In support of the later 
statement, we did not observe formation of band A1, which corresponds to terminal hydroxyls, after 
reaction of anatase and pyrogenic TiO2 with H2.  
We now consider two aspects that limit the uniqueness of our assignments for the use of the 
isolated hydroxyl frequencies for identifying the exposed facets on titania nanoparticles. It should be 
noted that we have not considered all the possible surface facets in our assignment. For example, Mino et 
al40. using DFT calculations showed that anatase (103) has a comparable energy with anatase (001) 
surface, while the energy of anatase (112) is lower than anatase (001) surface. They also suggested that 
anatase (112) surface is present in the anatase particles of pyrogenic TiO2 using FTIR of adsorbed CO. In 
order to assign the R1 and A3 bands, and also to be confident about the uniqueness of our assignments, 
the vibrational frequency of the hydroxyls on other anatase and rutile surface facets should be considered.  
In addition, the frequency of the surface hydroxyls shifts depending on the coverage and 
temperature at which spectra were recorded. We observed that some of the surface hydroxyl bands shifted 
by 5-10 cm-1 as the temperature was reduced to 30 °C. Such thermal shifts of the isolated hydroxyl bands 
was previously reported for the surface hydroxyls of zeolites100, 131-133. Several reasons, such as thermal 
expansion of the lattice and anharmonic effects, are proposed for the thermal shift of the vibrational 
bands.134-136 However, the present results, as well as data in the literature,100, 131 show that the degree of 
thermal shift of surface hydroxyl bands varies among different hydroxyls on the same sample.  Osuga et 
al. 131associated the thermal shift of the surface hydroxyls of zeolites to thermal dissociation of Brønsted 
acidic hydroxyls and used the degree of the shifts to calculate the ∆𝐻 of O-H dissociation.131 The range of 
thermal and coverage dependent shifts determined from experiment and theory should be considered in 
the assignments to provide qualitative understanding of the extent to which different facets can be 
distinguished from each other.  
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2.5. Conclusion 
In this work, surface hydroxyls of pyrogenic, anatase, and rutile TiO2 samples were characterized 
using DRIFTS and assigned using DFT calculations. Step-wise calcination performed under dry O2 
stream revealed the surface impurities common to the TiO2 surfaces and temperature at which these 
impurities are eliminated.  For the pyrogenic TiO2, we observed four bands at 3641, 3673, 3687, and 3718 
cm-1. The observed bands were superimposition of the observed bands for the pure anatase and rutile, 
consistent with 95% anatase content of P90. We calculated the vibrational frequency of the surface 
hydroxyls formed on the anatase (001), anatase (101), and rutile (110) surfaces using DFT and based on 
the DFT-calculated values we propose that the 3718 cm-1 band is assigned to the terminal hydroxyls on 
the anatase (001) surface, the 3687 cm-1 band is assigned to the bridging hydroxyls of the rutile (110) 
surface, and the 3673 cm-1 band is assigned to the bridging hydroxyls of the anatase (101) facet. 
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CHAPTER 3 
DOES THE CRYSTAL STRUCTURE OF TITANIA IMPACT THE EFFECTIVENESS OF 
RU/TIO2 DIRECT DEOXYGENATION CATALYSTS? 
We investigated whether the catalytic effectiveness of nanoparticulate ruthenium supported on 
titanium dioxide (Ru/TiO2) depends on the structure of TiO2. Ru supported on rutile TiO2 is an excellent 
catalyst for the deoxygenation of phenol to benzene with high selectivity and good yields.  In contrast, Ru 
supported on anatase TiO2 is dramatically affected by surface sulfate poisoning. The widely used 
pyrogenic TiO2 supports, P25 and P90, both show activity that is closer to the that of rutile than anatase, 
despite being 85 – 90 wt% anatase. This work presents a unique characterization of Ru/TiO2 catalysts, 
points to the critical role that surface contaminants in commercially available anatase can play in catalyst 
poisoning, and affirms that the surface acid/base properties of titania, along with its interaction with 
water, are critical to the success of HDO catalysts. Heteroepitaxy between rutile RuO2 and rutile TiO2 is 
not essential for the creation of active Ru/TiO2 DDO catalysts. 
 
3.1. Introduction 
We recently proposed a mechanism by which Ru on TiO2 directly deoxygenates phenol with high 
efficiency and selectivity for benzene.137 The proposed mechanism relies on the presence of a surface 
hydroxyl at the TiO2-Ru nanoparticle interface, which acts as a Brønsted base and facilitates the 
heterolytic cleavage of Ru-associated H2. In a subsequent step, the now protonated surface hydroxyl 
functions as a Brønsted acid and protonates and anchors the phenolic oxygen, which weakens the C-O 
bond. Additional water in the reaction suppresses vacancy formation on the TiO2 surface and speeds up 
the loss of water from the substrate.  The mechanistic role of the titania crystal structure was not 
considered in the initial report. These prior experimental results were obtained using Ru/TiO2 P25 (a 
widely used form of pyrogenic titania that is a mix of anatase and rutile phases), while the titania surface 
was computationally modeled as being in the rutile phase. In this work, we have expanded our survey to 
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include other forms of TiO2 to address the question of whether the crystal phase of titania affects 
reactivity. In addition to repeating our work with P25, experiments were done using P90 (a higher surface 
area analog of P25 containing both anatase and rutile phases and a small amount of an uncommon form of 
titania, TiO2B138), and pure rutile- and anatase-phase titanias from several different sources. Our catalytic 
results show clear differences between different titania supports. Below we describe our use of HRTEM, 
PDF, and DRITFS spectroscopy to characterize the catalysts and to provide evidence that disproves the 
hypothesis that heteroepitaxy between RuO2 and rutile TiO2 is essential for the formation of highly 
selective Ru/TiO2 catalysts. 
 
3.2. Experimental section 
 A number of materials characterization techniques were utilized at UMaine for characterization of 
supports and catalysts.  The methods are described below. 
 
3.2.1. XPS 
TiO2 samples were placed on carbon tape for XPS analysis. Samples were outgassed at room 
temperature and pressures < 10-8 torr for 3h before the analyses. XPS analyses were performed using a 
SPECS PHOEBUS 100 MCD plus analyzer at a pass energy of 100 eV with an Al K𝛼 X-ray source 
working at 240 W and 20 mA.  
 
3.2.2. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
ICP-OES analyses were performed using an iCUP 6000 ICP-OES ThermoFisher instrument. 0.1 
gram of the TiO2 samples was digested in 2 mL HCl, 2 mL HNO3, and 5 mL HF solution at room 
temperature in Teflon vials until dissolved. HF was neutralized with a saturated solution of boric acid 
before analysis.  Intensities were converted to sulfur content from experimental calibration curves and 
reported as ppm on a mass basis (mg S/kg sample). 
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3.2.3. N2 adsorption porosimetry 
Nitrogen sorption isotherms were determined at 77 K using a Micromeritics ASAP-2020 
instrument. Before the analyses, samples were degassed by evacuation at 350 °C. Surface area was 
determined using the BET method.139  
 
3.2.4. DRIFTS 
DRIFT spectra were recorded using a Nicolet 6700 Fourier Transform Infrared (FTIR) 
spectrometer equipped with a Praying MantisTM (Harrick Scientific Production, IBC) accessory. KBr 
powder was placed in the sample cup inside a Harrick Scientific high temperature reaction chamber 
(HVC). The sample cup in HVC was placed on a temperature-controlled sample stage equipped with a 
cartridge heater and a thermocouple. The sample cup temperature was controlled by a Harrick Scientific 
Automatic Temperature controller (ATC-024-1).  
The TiO2 samples were spread on top of the KBr powder in the sample cup for DRIFTS studies. 
After the material was loaded in the chamber, the environmental chamber was heated externally overnight 
with the sample maintained at 70 °C under an O2 flow (Grade 2, Matheson). The O2 was dried with a 
molecular sieve (13X, 4 to 8 mesh, Acros Organic) trap immersed in a dry ice-acetone bath. Step-wise 
temperature-programmed calcination was performed in the environmental chamber while several DRIFTS 
spectra were recorded at each temperature. All the DRIFTS spectra were recorded under dry O2 flow by 
accumulation of 512 scans at 8 cm-1 resolution using a DTGS detector.   
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3.3. Results 
 Here, we present detailed physico-chemical characterization of the TiO2 supports in order to 
make structure-activity relationship for the DDO of phenol using Ru/TiO2 catalysts.  
 
3.3.1. XPS, ICP-OES, and BET 
XPS and ICP-OES spectroscopy were used to determine the chemical impurities in the TiO2 
samples. Survey XPS scans of the TiO2 samples (SI) revealed C1s, Ti2p, and O1s peaks for all the 
samples. The C1s peak was observed because samples were placed on a carbon tape for the XPS analysis. 
The S2p peak at 168.5 eV was the first clear evidence for the presence of a potential catalyst poison, and 
it was observed in the XPS spectra of Sigma Aldrich (SA), U.S. Research (USR), and Alfa Aesar (AA) 
anatase samples (Figure 3.1). Consistent with the XPS results, ICP-OES analyses of SA, USR, and AA 
anatase samples showed the presence of sulfur impurities, as summarized in Table 3.1.  Pure anatase is 
commercially produced via the “sulfate method” while pyrogenic TiO2 is produced from gas phase 
hydrolysis of TiCl4.140 Hence, the presence of sulfate impurities in most of the commercial anatase 
samples is easy to explain. There is also a Si 2s peak visible at 154 eV141 in the XPS spectra of P90, rutile, 
AA, and USR anatase samples (Figure 3.1). 
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Figure 3.1.  XPS spectra of the as-received TiO2 samples, as indicated, in the sulfur 2p and Si 2s region.  
Spectra offset for clarity.  Red curve shows a spectrum for Anatase NG in which the counting time was 
increased by a factor of 10 and expanded by 10x to confirm the presence of sulfur and silicon impurities. 
 
Survey spectra showed that Ti, O, and C were present on all samples. The commercial anatase 
samples also showed sulfur.  Rutile, P90, and Anatase (SA) also showed silicon.  The thickness of a 
carbonaceous layer, dc, was estimated from the C 1s/Ti 2p peak area ratios using a 2-layer model, 
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where effective attenuation lengths (EAL), 𝜆op , for core level m in material M, were calculated using the 
NIST electron effective attenuation length database, Ver. 1.3, for TiO2 anatase (density 3.893 g/cm3, band 
gap 3.2 eV) and polymer (CH2)x (density 0.99 g/cm3, band gap 4.5 eV as model for carbonaceous carbon, 
following Seah and Spencer142) at the kinetic energies of the respective photoemission lines.  We used 
beta asymmetry parameters from Reilman et al.143  and Scofield’s144 photoionization cross sections.  The 
analyzer transmission function, 𝑇 𝐾𝐸 , for an electron with kinetic energy, KE, was determined by 
SPECS by comparison of Au and Ag foil spectra to those measured for a known transmission function.145 
The total cross sections,	  𝜎𝑡o, 
𝜎𝑡o = 𝜎o 1 − 𝛽o2 𝑃?(𝑐𝑜𝑠𝜃)  
where, 𝜎o is the photoionization cross section, 𝛽o is the beta asymmetry parameter of the corresponding 
core level, and 𝑃? is the Legendre Polynomial for an angle between the incident photon and emitted 
photoelectron, 𝜃 = 45°. The Legendre polynomial, 𝑃?, is given by: 𝑃? 𝑥 = =hW+,? .  The number density (atoms/cm3), N, is  
𝑁 = 𝜌𝑁z𝑀|. 
where 𝑀| is the molar mass, 𝜌 is the density of the material, and 𝑁  is Avogadro’s number.  Peak areas 
were determined from numerical integration after subtraction of a Shirley baseline, excluding the x-ray 
satellite peaks.  For anatase, the Ti number density in TiO2 was calculated to be 2.935 x 1022 atoms/cm3 
based on the crystal structure146 and for the carbonaceous “polymer” layer 1.14x1023 atoms/cm3.  The 
O:Ti stoichiometry, 𝑁S 𝑁jI was calculated from  𝐼S,K𝐼jI?i = 𝑁S𝜎S,K𝜆S,KjIS? 1 − 𝑒𝑥𝑝 −𝑑 𝜆S,K 𝑇(𝐾𝐸S,K)𝑁jI𝜎j?i𝜆jI?ijIS?	  𝑒𝑥𝑝 −𝑑 𝜆jI?i 𝑇(𝐾𝐸jI?i)  
and was within 10% of the expected 2:1 ratio. The carbonaceous layer thickness ranged from 7-12 
Ångstroms depending on the sample. 
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The sulfur 2p region of the XPS spectra of the samples are shown in Figure 3.1. Using the ratio of 
the S 2p and Ti 2p peak areas, we estimated the surface sulfate coverage on the TiO2 surface, 𝜃(RLMoKRPgR ), 
assuming sulfur was adsorbed only on the nanoparticle surface and that both core level peaks were 
attenuated by the carbonaceous layer. 
𝜃 = 𝐼?i𝐼jI?i 𝑁jI𝜎𝑡jI?i𝜆jI?ijIS?	  𝑒𝑥𝑝 −𝑑 𝜆jI?i 𝑇(𝐾𝐸jI?i)𝜎𝑡?i𝑒𝑥𝑝 −𝑑 𝜆?i  
The sulfur coverage is shown in Table 3.1.  For comparison with the ICP-OES bulk composition, the 
mass of sulfur on a spherical particle, whose diameter was chosen to give the BET surface area shown in 
Table 3.1, was calculated from the estimated coverage from XPS and the particle area.  The bulk 
composition was then calculated from the ratio of the mass of sulfur to the mass of the spherical TiO2 
nanoparticle, expressed in ppm on a mass basis.  The values agreed better with the ICP-OES 
measurements than with the higher sulfur content estimated from XPS assuming the sulfur was 
homogeneously distributed through the nanoparticle.  For particle diameters of order 10 - 30 nm, the 
average sulfur content based on a homogenous particle model was only larger by a factor of 2; e.g. the 
Anatase (SA) would have sulfur content of 8200 ppm if the XPS intensities were analyzed based on 
homogeneous particle composition.     
To reduce/remove the sulfur content of the commercial anatase samples, they were subjected to a 
calcination/reduction/calcination cycle, with each step conducted at 400°C, for 5 h. The sulfur levels were 
below detection limits in XPS (Figure 3.2). ICP-OES analyses of the pretreated samples did not show the 
presence of sulfate species.  
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Table 3.1. Chemical and physical characterization of TiO2 samples 
Material  ICP-OES S 
content 
/ ppm 
XPS S Content  
S atoms/ nm2 
BET surface 
area 
m2/g 
Estimated 
bulk S 
content/ppmd 
Pyrogenic P90 <500 NDa 100 NA 
Anatase  SA 3660 1.5 50c 4000 
 AA 1361 0.47 136 3300 
 USR 782 0.52 93 2500 
 NG <500 0.15 280 870 
 BC NAb ND 159 NA 
Rutile USR rutile <500 ND 33 NA 
a Not Detected, b Not Available, c as specified by the manufacturer, d milligrams of sulfur in a kilogram of 
titania   
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Figure 3.2. XPS analysis of commercial anatase samples before (black spectra) and after 400°C 
calcination-reduction-calcination pretreatment (red spectra) 
  
3.3.2. X-ray diffraction 
Crystal structures were identified from x-ray diffractograms measured using a PANalytical X-
PertPro X-ray diffractometer utilizing Cu-Kα radiation in a parallel beam optical configuration. Powder 
samples were placed on a quartz zero-background plate for the XRD analysis. X-ray diffractograms (Fig. 
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3.3) of the BC, SA, USR, and AA anatase shows pure anatase phase, while P90 shows 95% anatase and 
5% rutile content.  
  
Figure 3.3. X-ray diffractograms of the TiO2 samples.  
 
3.3.3. DRIFTS 
Surface hydroxyls feature prominently in our proposed reaction mechanism and serve as an 
important clue to catalytic activity in this work.  DRIFTS spectroscopy provides a method for observing 
surface hydroxyls and detecting differences in these key surface moieties between different sources of 
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samples was monitored using DRIFTS to distinguish stretching frequencies of water from those of 
surface hydroxyls in an effort identify the differences between pyrogenic titania (i.e. P90 and P25) and 
pure anatase samples. DRIFT spectra of P90, and anatase TiO2 samples, recorded during step-wise 
temperature-programmed calcination (TPC), are presented in Figure 3.4. Several bands are observed that 
are attributed to chemical species originating from the reaction of the surface with atmospheric gases, 
such as water and carbon dioxide, or from chemical impurities introduced during material synthesis, some 
of which can be removed by TPC. The 1357, 1444, and 1547 cm-1 bands are assigned to surface 
carbonates or bicarbonate.147 The 1624 cm-1 band is assigned to the bending mode of water. The broad 
absorbance feature in the 2500-3600 cm-1 region contains the vibrational bands of water and H-bonded 
surface hydroxyls.46, 47,  The bands in the 2800-3000 cm-1 region correspond to C-H stretching vibrations 
of hydrocarbon impurities. The complex absorbance features in the 3600-3800 cm-1 region are due to the 
vibrational modes of isolated hydroxyls.42   
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Figure 3.4.  DRIFTS spectra of TiO2 samples recorded during the calcination process from 30 °C to 400 
°C. All the spectra are referenced to dried KBr powder on which sample was placed.  Spectra offset for 
clarity.       
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DRIFTS spectra recorded during the TPC of P90 shows changes in the chemical state of the 
surface at each temperature. On the P90 surface, water was eliminated at 200 °C, carbonates or 
bicarbonates at 300 °C, and surface hydroxyls at 400 °C. After complete removal of the carbonate bands, 
three signature surface hydroxyl bands at 3629, 3673, and 3708 cm-1 were the major bands observed, very 
similar to the predominant bands of pure, sulfur-free anatase (Chapter 2).  Rutile showed (Chapter 2) 
bands at 3652, 3683, and 3727 cm-1. This comparison indicates that the exposed surface of P90 is mostly 
anatase, which is consistent with data from HRTEM and FTIR spectra of adsorbed CO on anatase.148    
DRIFTS spectra of anatase samples confirm the presence of surface sulfates, consistent with XPS 
and ICP-OES data.  DRIFTS also provides a sensitive measure of the effectiveness of different treatment 
methods designed to reduce the amount of sulfur on the surface, which can then be correlated with 
catalytic results.  DRIFTS spectra of AA anatase recorded at 30 °C shows bands at 1311, 1434, 1469, and 
1531 cm-1. Heating can distinguish surface carbonates from surface sulfates, both of which have FTIR 
absorbance  bands at 1311 cm-1.147,149 While the carbonate bands are eliminated upon heating (as was 
observed for P90), the sulfate band blue shifts to ~1360 cm-1 as a tridentate sulfate species is formed149-150 
(Scheme 1). In AA anatase, the band at ~1311 cm-1 gradually blue shifts to ~1358 cm-1 as the sample is 
calcined from 100 °C to 300 °C, indicating that sulfur is present on the surface. The IR signature of the 
surface sulfate was also observed for the USR, SA, and NG anatase samples (Figure 3.5-A). The 
tridentate sulfate band at ~1360 cm-1 was eliminated from the DRIFTS spectra of all commercial anatase 
samples after overnight calcination at 400 °C.  
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Scheme 3.1. Formation of tridentate sulfate band from dehydration of sulfated titania (Adapted from Saur 
et. al.149) 
It is particularly important to know the chemical state of the surface at 300 °C since this is the 
temperature at which the phenol HDO reactions are performed. Figure 3.5-A provides spectra that 
facilitate the comparison of several of the anatase samples with P90 after extensive calcination at 300 °C. 
The absence of the water bending band at ~1620 cm-1 in all the spectra indicates the TiO2 surfaces are 
dehydrated. The ~1360 cm-1 band in all the commercial anatase samples (AA, SA, USR, and NG) shows 
the presence of tridentate sulfate species on the surface. The broad feature associated with H-bonded 
surface hydroxyls was observed for all low-temperature synthesized anatase samples, including the 
sulfur-free anatase(BC), which contrasts with the pyrogenic P90 spectrum.  
Surface sulfur species perturb the surface hydroxyls (Figure 3.5-B). The 3708 cm-1 band of 
sulfate-free anatase and P90 samples red shifts by about 2 cm-1 while the 3673 cm-1 band red shifts by 11 
cm-1 when sulfate is present. In addition to the frequency shift, the presence of surface sulfate changes the 
relative intensity of the bands in this region. While the 3708 cm-1 band is more intense than the 3673 cm-1 
band in P90 and sulfate-free anatase, the relative intensity reverses in the sulfated anatase samples. As the 
amount of sulfate increases, the ratio of the higher-to-lower frequency band decreases. 
We recently assigned the 3708 cm-1 band to the terminal hydroxyls (OH) of the anatase (001) 
surface and the 3673 cm-1 band to the bridging hydroxyls of anatase (101) surface (Chapter 2).  A relative 
decrease in the terminal (001) OH peak intensity suggests that this facet is either covered with a greater 
amount of sulfate or that the facet is less prevalent in materials with greater sulfate content. An alternative 
explanation is that sulfur makes the surface more reducible (analogous to the effects of nitrogen151), 
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increasing the oxygen vacancy coverage and increasing the amount of surface hydroxyls formed from 
dissociative adsorption of water, thereby increasing the intensity of the 3708 cm-1 band relative to the 
3673 cm-1 band.   
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Figure 3.5. DRIFTS spectra of P90 and anatase samples recorded at 300°C in the entire spectrum (A) and 
in the isolated hydroxyls region (B). Spectra are off-set for clarity. See the supporting information for the 
description of the number codes.   
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Figure 3.6. DRIFTS spectra of the P90 and anatase samples in the 2000-3800 cm-1 region after overnight 
calcination at (left) 300 °C and (right) 400°C.  Spectra are off-set for clarity.  
 
DRIFTS spectra of the TiO2 samples after overnight calcination at 300 °C and 400 °C in the 
2500-3800 cm-1 region are shown in Figure 3.6. In a contrast to the complete dehydroxylation of P90, the 
broad absorbance band in the 2500-3500 cm-1 region observed for all the anatase samples shows that the 
low temperature synthesized samples are still hydroxylated.152 The extent of hydroxylation may produce 
differences in the hydrophilicity of the surface and affect the role of water, which is a co-catalyst in the 
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reaction.  Note that the negative-going C-H modes in the 400 °C data are due to loss of hydrocarbons 
from the KBr, which was only calcined at 300 °C before measuring a single beam spectrum. 
 
3.4. Discussion 
In our earlier work, we demonstrated that small particles of metallic Ru are required for achieving 
high selectivity for DDO, suggesting the active site for direct deoxygenation exists at the interface 
between the particle and the support.153 The preponderance of data from EXAFS153 indicates that the 
catalytically active phase involves Ru, not RuO2, which would be unlikely to exist under the catalytic 
reaction conditions employed.   A study by Crossley et al. shows strong evidence that the rate of gas-
phase DDO of cresol is proportional to the number of interfacial sites and specifically to the total 
perimeter length of the Ru TiO2 interface, which is also consistent with the importance of this 
interface.154-155   
This work demonstrates that it is more difficult to make a highly selective DDO catalyst using 
anatase as a support than rutile or pyrogenic titania; even the highest purity anatase does not produce 
selective DDO catalysts.  Pyrogenic TiO2 (both P25 and P90) can be used to make highly selective DDO 
catalysts, even though both P25 and P90 are both primarily anatase. These observations raise several 
questions regarding the material and its surface, which we articulate and address below.  
Is there an effect associated with the epitaxial matching between rutile RuO2(110) and rutile 
TiO2(110) that either stabilizes the RuO2 phase or facilitates high dispersion in the activated catalyst?  
RuO2 has a rutile crystal structure with lattice parameters well matched to those of rutile TiO2, which has 
spawned speculation that heteroepitaxy between RuO2 and rutile TiO2 facilitates catalytic selectivity.156-160 
The results from Crossley et al in which deoxygenation of m-cresol is insensitive to TiO2 crystal 
structure154, while their results with guaiacol are not, providing no clear-cut answer to the role of titania 
structure in DDO catalysts.154  
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Our results initially seemed consistent with the heteroepitaxy hypothesis as Ru/TiO2 rutile was a 
much more active and much more selective catalyst than Ru/TiO2 anatase. The high selectivity and 
activity of both Ru/P25 and Ru/P90, both of which are primarily anatase, raised questions, however, 
about this hypothesis.  Our results would, however, be consistent with the heteroepitaxy hypothesis if P25 
and P90 had a thin shell of rutile TiO2 on top of a core of anatase TiO2. 
Is there evidence to support a core-shell model, originally suggested from microscopy, where 
there is a rutile layer less than 1 nm covering the surface of the anatase particles in P25 and P90?  The 
morphology of P25 and P90 have been debated extensively. 161-162  The first detailed investigation of the 
morphology of P25 was performed by Bickley et al.163 P25 was described as a mixture of an amorphous 
state with pure phase crystals present. The appearance of the Moiré fringes in the HRTEM data was 
interpreted as being consistent with the presence of some anatase particles being covered by a thin layer 
of rutile.163 Later studies have, however, refuted the core-shell model. Datye164 et al. used additional 
HTREM data to conclude that anatase and rutile exist as discrete crystalline particles, as did Ohno et al.37 
who argued that anatase and rutile exist as single phase particles with a small amount of amorphous 
material present. Datye et al.164 did not conclusively detect any amorphous particles or core-shell 
particles, but left open the possibility that there could be an overlayer of rutile on anatase particles. Mino 
et al. argued that the presence of a rutile overlayer on anatase could escape observation by HRTEM and 
that new routes of P25 morphology assessment should be undertaken.148 Accordingly, we have 
undertaken PDF and HRTEM measurements on P90 in this study, and these data confirm the presence of 
individual small rutile and anatase particles.161 DRIFTS measurements of the surface hydroxyls, as 
described in greater detail in Chapter 2, show that the frequencies of surface hydroxyls of TiO2 can be 
associated with the specific distribution of facets exposed on anatase and rutile.  The dominant isolated 
hydroxyl frequencies on P90 and P25, assigned to terminal hydroxyls on the anatase (001) face and 
bridging hydroxyls on the anatase (101) face, are not consistent with the core-shell model.  The band at 
3687 cm-1, assigned to the bridging hydroxyls on the low surface energy rutile(110) face, tracks 
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qualitatively with the rutile content of pyrogenic titania and is weak in the P90 DRIFT spectrum 
(containing 5% rutile) and somewhat stronger in the P25 DRIFT spectrum (containing 12% rutile).165 
The lack of evidence for rutile on the anatase particle surfaces of P90,165 and pyrogenic titania in 
general,148, 166 argues against a core-shell model for pyrogenic titania. So if heteroepitaxial growth is 
important in Ru/TiO2 catalysts, there would be small well-distribtued Ru(0) particle formation only on the 
(110) facets of the surface associated with the 5% of pyrogenic titania present as rutile particles.159 TEM 
images of pretreated catalysts showed no evidence for preferential formation of Ru nanoparticles on the 
rutile vs. anatase components of P90.  Alternatively, smaller Ru particles necessary for high DDO 
selectivity137, 153 could be stabilized during catalyst synthesis by heteroepitaxial growth of rutile RuO2 on 
rutile(110) TiO2 facets compared to other facets of rutile and anatase. No significant differences in 
nanoparticle size were observed in HRTEM between the anatase and rutile components of P90, 
nanoparticles on pure anatase, or those on pure rutile catalysts. Furthermore, Ru/P90 was synthesized 
anaerobically using RuC clusters as ruthenium precursors, and results from the catalyst so synthesized did 
not differ appreciably from Ru/P90 synthesized in air, a result again inconsistent with heteroepitaxy 
between rutile ruthenium oxide and rutile titanium oxide being a critical determinant in catalyst selectivity 
(SI).167 Overall these results, along with published results on a similar catalytic system by Crossley154, do 
not support the heteroepitaxy hypothesis.  
Is the DDO of phenol on the Ru/TiO2 surface a “structure sensitive” reaction, in which the 
selectivity can be associated with the amount of particular facets and the acid/base properties of the 
hydroxyls on these facets, and might these differ between anatase synthesized by different methods? The 
presence of sulfur contamination on most commercial phase-pure anatase materials interferes with the 
activity and selectivity of the catalysts for HDO of phenol. Our XPS measurements suggest that the 
coverage of sulfate on the anatase surfaces is relatively high, of the order of a monolayer.  The presence 
of sulfate groups strongly attenuates the band at 3717 cm-1, assigned to terminal hydroxyls on the 
anatase(001) face, and decreases the intensity of the 3673 cm-1 mode associated with bridging hydroxyls 
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on the anatase(101) face. Because the catalytic mechanism proposed requires hydroxyls that act as a 
Brønsted base for heterolytic dissociative adsorption of H2 across the Ru/TiO2 interface, the loss of 
hydroxyls could account for the decrease in the DDO selectivity, particularly if the anatase (101) bridging 
hydroxyls are critical as the active sites in the mechanism.137  Although calcination-reduction-calcination 
of the sulfate-containing anatase materials significantly reduced the bulk and surface sulfate content, 
DRIFTS measurements after exposure H2O show the re-appearance of sulfate-related bands, similarly to 
observations by Sauer, et al.168 after exposure to to H2.  
The remaining question is why anatase synthesized using sulfur-free methods achieves 
conversion comparable to pyrogenic and rutile based catalysts, but does not have the same selectivity to 
the DDO product, benzene.  We suggest several possibilities.  First, if the reaction is structure sensitive, 
such that the hydroxyls on different facets have different acid-base properties,169 and there is a different 
distribution of exposed facets in pyrogenic TiO2 compared to low temperature synthesized anatase, then 
the selectivity to DDO could be influenced by the synthesis conditions. The facets that are 
thermodynamically stable, as predicted from the Wulff construction, have been assessed by Arrouvel et 
al.42, and in our work165, from calculations of the surface energy of surfaces with varying coverages of 
molecularly or dissociatively adsorbed water. Experimental and theoretical evidence for other, low 
surface energy facets, such as the anatase (102) and (103) facets illustrates the potential of hydroxyls 
being on well defined, but as yet unidentified, exposed surfaces of crystalline anatase.122, 170  Although not 
necessarily the thermodynamically stable morphology, kinetic constraints during synthesis using structure 
directing agents171 can potentially produce facet distributions that differ from the amounts expected from 
the Wulff construction.  Although the acid/base properties of such faces need to be determined, 
comparison of the DRIFTS spectra in the isolated hydroxyl region for P90 and our sulfur free 
anatase(BC) provides little evidence for differences in the distribution of exposed facets, since the relative 
intensities are similar. 
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A second possibility may involve differences in the hydrophilicity of the anatase surface. We 
have previously shown that water serves as a co-catalyst in these reactions and there is an optimal water 
concentration for reactions with Ru/P90. We speculate that differential interaction with water may 
contribute to the differences in reactivity we observe.  The low temperature synthesized and commercial 
anatase materials all show a broad hydrogen-bonded hydroxyl absorption region in DRIFTS that is not 
present for pyrogenic TiO2.  The absence of the 1620 cm-1 water bending mode suggests that this band is 
not associated with chemisorbed or physisorbed water but with hydroxyls that are present in more 
heterogeneous bonding conformations that hydrogen bond to nearby oxide oxygens.  Furthermore, the 
low temperature anatase surfaces are much more hydrophilic than the pyrogenic anatase surface, and 
since water acts as a co-catalyst, with the DDO reaction rate going through a maximum as a function of 
water content in the feed, both in gas phase154 and our liquid phase reactions, the more hydrophilic nature 
of these low temperature anatase surfaces may play a role. P90 interacts with water in a biphasic way, 
appearing initially to interact with water in a way that is very similar to the hydrophobic interaction 
between water and rutile, but later reacting rapidly with water in a way that is similar to the hydrophilic 
interaction between water and anatase.158  Interestingly, Crossley et al. found no difference between the 
TOF for the DDO selectivity of cresol on Ru catalysts prepared on P25, rutile, and the anatase(AA) 
supports.  The contrast between our work and that of Crossley, et al., seems most likely to be due to gas 
phase vs. aqueous conditions.   Further studies to explore, in detail, the role of water are underway.  
The reaction between hydrogen and Ru generates water and this type of water might be contributing 
to the generation of new types of Lewis acid sites.  Alternatively, differential catalyst activation pathways 
might be important in explaining the observed differences. All of the reactions reported are done in a 
batch reaction. Further studies that facilitate kinetic analysis of the reaction are also underway.  
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CHAPTER 4 
IMPLICATIONS OF ELECTRON SCAVENGING CHARACTER OF SULFATED TITANIA 
FOR PHOTOCHEMISTRY 
Knowledge of the electronic structure of photocatalysts is of immense importance in understanding 
and enhancing photocatalytic reactions. Here, we used in-situ DRIFTS during the reaction of TiO2 with 
H2 to reveal information about the electronic structure of TiO2 as a function of crystal structure and 
chemical impurities. TiO2 is n-doped upon H2 dissociation and the corresponding electrons can be 
detected with FTIR if they are in either the conduction band or shallow trap states. However, electrons are 
not observed in the IR region when occupying deep traps. Our results are consistent with sulfate 
impurities in anatase creating deep trap states that scavenge electrons.  These results provide support for a 
model of improved photocatalyst activity in which trapping the electrons increases the hole lifetime and 
increases the efficiency of oxidation reactions.  
	  
4.1. Introduction 
Understanding the relationship between surface structure and trap states is critical for the rational 
design of photocatalysts. Chemical species such as hydroxyls, water, fluoride, and sulfate present on TiO2 
surfaces significantly change the structural and chemical properties of TiO2.43, 56, 172 Sulfate is one of the 
most important TiO2 impurities to study because anatase TiO2 is commercially produced in the presence 
of sulfate ions.36 Density functional theory (DFT) cluster calculations of anatase TiO2 show that sulfate 
induces structural changes and introduces empty states near the bottom of the band gap modifying the 
photoluminescence spectrum.173 In addition, there are current efforts directed at improving the efficiency 
of TiO2 photocatalysts via sulfation.174-178 Sulfated anatase has higher efficiency for the photooxidation of 
organic molecules than pyrogenic TiO2,174-175, 178-179 which in turn is better than pure anatase.60 
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 Several reasons for the increased activity of sulfated anatase, including increased surface 
acidity,180 structural stability,178, 181 and electron-hole separation assisted by the electron scavenger 
character of the sulfate species174-175, 178-179, 182-184 have been proposed.  Sulfur has been suggested to 
provide deep traps for electrons and therefore to increase the lifetime of holes.175, 178-179 Although 
photoluminescence measurements demonstrate slower electron (e-)/hole (h+) recombination rates,178 there 
is no direct evidence for the existence of deep traps on sulfated anatase. It is well established that 
adsorption of atomic hydrogen onto titania surfaces produces surface hydroxyl protons and electrons, and 
that changes in IR spectra can reveal whether these electrons fill conduction band states or shallow 
traps.70, 108 Mid-gap states that are located at energies less than 1eV below the conduction band minimum 
(CBM) are called shallow trap (ST) states.70, 185 Here, we report adsorption of H2 and D2 on pyrogenic 
titania (P90), rutile, several commercial anatase samples [Sigma Aldrich (SA), US Research 
Nanomaterials (USR), and Alfa Aesar (AA)] for which sulfate was detected, and our synthesized sulfate-
free anatase. We observed the formation of surface hydroxyls and occupation of shallow traps by 
electrons for P90, rutile, and sulfate-free anatase. However, when sulfate is present on the TiO2 surface, 
we continued to observe the formation of surface hydroxyls, but failed to observe electronic effects in the 
IR spectra.  We ascribe the latter phenomenon to electrons being trapped in states deeper than the ~1eV 
range of mid-IR spectroscopy.  
Light absorption in the mid-IR region by CB and ST electrons has been used to elucidate 
differences in the photocatalytic activity of different polymorphs of TiO2186-187 and to reveal the influence 
of surface species such as hydroxyls and water on the nature and dynamics of photoexcited electrons in 
TiO2.188-189 Both CB and ST electrons of metal oxides absorb light in the mid-IR region.69-70, 190 Interaction 
of IR light with the CB electrons of semiconductors generates a broad featureless absorbance which 
increases toward lower wavenumbers with a power law, ~𝜔+i	  (with	  𝑝 = 1.5 − 1.7) ~ω-­‐‑ and is not 
observable below the frequency where bulk phonon modes absorb strongly (< ~1000 cm-1).70 ST 
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electrons can be excited into the CB continuum with IR light in the 1000-4000 cm-1 region.191-192 We have 
monitored the reaction of TiO2 samples with H2 using in situ diffuse reflectance Fourier transform 
infrared spectroscopy (DRIFTS) experiments to study the influence of TiO2 crystal phase and surface 
composition on the electronic structure of TiO2. Dihydrogen dissociates on pyrogenic titania (P25) above 
250 °C to yield electrons and protons.107 The protons bond to surface oxygens (to form hydroxyls) and the 
electrons accumulate in the CB and mid-gap states.69-70, 108 To demonstrate the formation of surface 
hydroxyls from H2 independent of the adsorption of background water, we performed our experiments 
under rigorously dry conditions (see section 4.3.3.3). Reactions with D2 distinguished between electronic 
and vibrational contributions to the absorption spectra. Both surface and bulk impurities can introduce 
defect states in band structures.67 Accordingly, we have characterized the composition and phase of these 
materials and cleaned them by in situ oxidation at temperatures up to 400 °C to achieve highly 
dehydroxylated surfaces with no detectable impurities, except for sulfur that was present on all 
commercially available anatase materials. To distinguish the influence of sulfur from the surface 
crystallographic structure of anatase, we synthesized sulfur-free anatase using a modified sol-gel method83 
and confirmed that similar facets are present on sulfate-free anatase, commercial anatase, and pyrogenic 
TiO2 (i.e., either P25 or P90) on the basis of DFT assignments of the isolated hydroxyl frequencies to 
specific anatase facets.34, 165 
 
4.2. Materials and methods 
Pyrogenic TiO2 (P90) was purchased from Evonik and used as-received.  Rutile was purchased 
from US Research Nanomaterials and used as-received. TiO2 anatase (Sigma Aldrich, denoted “SA”), 
TiO2 anatase (US Research Nanomaterials, denoted “USR”), TiO2 anatase (Alfa Aesar, denoted “AA”) 
were all purchased from their respective manufacturers. Since commercially available anatase samples 
contain sulfate impurities, which complicates the interpretation of spectral results, so we synthesized 
sulfate-free anatase using a modified sol-gel method described elsewhere,83 as described in Chapter 1.  
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 The TiO2 materials were studied using XPS, ICP-OES, N2 adsorption porosimetry, x-ray 
diffraction, and DRIFTS.  All experimental details were as described in section 3.2. 
 
4.3. Results and discussion 
Physicochemical characterization of TiO2 samples and DRIFTS studies of the electronic structure 
of TiO2 using reaction with H2/D2 is presented in this section. 
 
4.3.1. Physico-chemical characterization of samples 
The sulfur 2p region of the XPS spectra of the samples are shown in Figure 4.1. Using the ratio of 
the S 2p and Ti 2p peak areas, we estimated the surface sulfate coverage on the TiO2 surface, 𝜃(RLMoKRPgR ), 
assuming sulfur was adsorbed only on the surface and that both core level peaks were attenuated by the 
carbonaceous layer, as described in section 3.3.1.  
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Figure 4.1. XPS of the TiO2 samples in the sulfate region.  
The sulfur coverage is shown in Table 4.1 for the sulfate adlayer model described in section 3.3.1.  
For comparison with the ICP-OES bulk composition, the estimated bulk sulfur content was calculated 
from the ratio of the mass of the sulfur adlayer to the mass of the spherical TiO2 nanoparticle, expressed 
in ppm on a mass basis. The mass of sulfur on a spherical particle, whose diameter was chosen to give the 
BET surface area shown in Table 4.1, was calculated from the adlayer coverage from XPS and the 
particle area.   
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Table 4.1. Chemical and physical characterization of TiO2 samples 
Material  ICP-OES 
S content 
/ ppm 
XPS S 
coverage  
S atoms/ 
nm2 
BET 
surface 
area 
m2/g 
Estimated 
bulk S 
content/ppm 
Total 
Pore 
Volume 
(cm3/g) 
BJH avg 
pore dia. 
(nm) 
Pyrogenic P90 <500 NDa 100 NA 0.35 19 
Anatase  SA 3660 1.5 50c 4000 NAb NAb 
 AA 1361 0.47 136 3300 0.42 13 
 USR 782 0.52 93 2500 0.35 14 
 Sulfate-
free 
NAb ND 159 NA 0.27 8 
Rutile USR 
rutile 
<500 ND 33 NA 0.10 17 
aNot Detected, bNot Available, cas specified by the manufacturer  
 
X-ray diffractograms (Figure 4.2) of the anatase BC, SA, USR, and AA showed pure anatase 
phase, rutile shows pure rutile phase, while P90 shows 95% anatase and 5% rutile content. Figure 4.3. 
shows the XRD diffractograms of the as-prepared sulfate free anatase sample (Anatase BC), and the same 
sample after BET analysis and extensive calcination at 400 °C. As-prepared samples show lines 
characteristic of the anatase phase. Before BET analysis, the sample was subjected to evacuation at 350°C 
for 3 hours. XRD diffractograms of the sample after BET analysis shows line narrowing which is an 
indication of increase in the particle sizes. More XRD line narrowing was observed for the sample 
subjected to the extensive calcination at 400°C. However, the crystal structure of our sample did not 
change during such pretreatments.  
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Figure 4.2. X-ray diffractograms of the TiO2 samples.  
 
Figure 4.3. XRD analysis of sulfate free anatase (BC) samples after BET analysis and after extensive 
calcination at 400°C (for several days). Before the BET analysis, the sample was degassed at 350°C for 3 
hours.   
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DRIFTS characterization of the TiO2 samples recorded during the calcination reveals the chemical 
impurities and temperature at which these impurities are eliminated, Figure 4.4. Surface impurities 
generally originate from the reaction of the surface with atmospheric gases, specifically water and carbon 
dioxide, and from chemical impurities introduced during material synthesis. DRIFTS spectra recorded 
during the temperature programmed calcination (TPC) of P90, rutile, and sulfate free anatase samples are 
reported elsewhere.165 Molecular water is removed from TiO2 samples after calcination at 200 °C, and 
carbonates/bicarbonates are removed at 300 °C.165  
The DRIFT spectrum of as-received anatase (USR) recorded at 30 °C shows several impurities 
(Figure 4.4-A). The complex absorbance feature in the 3600-3800 cm-1 region is identified as arising from 
isolated hydroxyls.42, 165 The broad absorbance feature in the 2500-3600 cm-1 region contains the OH 
stretches of water and H-bonded surface hydroxyls. The 1622 cm-1 band is assigned to the water bending 
mode.42, 80 The assignment of the 1182 and 1323 cm-1 bands, based only on the spectrum recorded at 30 
°C, is ambiguous. These bands could be either for the carbonate61 or sulfate species.168 Heating to 300 °C  
eliminates carbonate bands,165 while the sulfate band persists and shifts to ~1360 cm-1 as the surface is 
dehydrated.150, 168 The blue shift of the ~1323 cm-1 band to ~1360 cm-1 is characteristic of sulfated 
samples and is assigned to the S=O group of tridentate sulfate species.168 The surface sulfate IR signature 
was also observed for the two other commercial anatase samples (see section 4.3.3. Supporting 
Information). The presence of sulfur on the surface was confirmed by XPS and ICP-OES analyses for 
these samples (Table 4.1). These tridentate sulfate species, along with molecular water and isolated 
surface hydroxyls, are removed from the anatase (USR) surface after calcination at 400 °C (see Figure 
4.4-A). However, traces of the H-bonded surface hydroxyl band in the 2500-3500 cm-1 region remain. 
Similar results were obtained for the other two commercial anatase samples (see section 4.3.3.). Figure 
4.4-B shows the DRIFTS spectra of the TiO2 samples after calcination at 400 °C to illustrate the state of 
the surface and the remaining hydroxyl coverage before exposure to H2 (and isotope exchange reactions 
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with D2). All samples except P90 contained H-bonded surface hydroxyls at this point. The samples were 
heated at 400 °C until the sulfate band was not detectable (see section 4.3.3. Supporting Information). 
 
Figure 4.4. DRIFTS spectra of (A) anatase (USR) recorded during temperature programmed calcination at 
indicated temperatures, (B) representative TiO2 samples after extensive calcination at 400°C. The inset 
shows the spectra in the hydroxyl region. All spectra are relative to KBr powder and offset for clarity. 
 
4.3.2. Reaction with H2/D2 
TiO2 samples were exposed to H2/D2 after calcination at 400 °C. The sample temperature was 
subsequently reduced from 400 °C to 300 °C under dry O2 flow and the cell was flushed with Ar at 300 
°C for one hour to remove O2. A reference spectrum was recorded after an hour of flushing with Ar at 300 
°C and difference spectra were recorded as a function of time as the gas flow was alternated between H2 
(or D2) and Ar. 
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Once P90 was exposed to H2 (Figure 4.5-A), both vibrational and electronic absorbance features 
appeared in the spectra. The absence of a water bending band at 1620 cm-1 shows that the broad band in 
the 3000-3600 corresponds to H-bonded hydroxyls, indicating that molecular water produced at this 
temperature110 is rapidly desorbed. Two types of isolated surface hydroxyls at 3673 and 3645 cm-1 were 
formed in addition to H-bonded hydroxyls. A broad electronic absorbance (BEA) feature appeared in the 
spectra at longer times and continued to grow with time under H2 atmosphere. The spectral shape of the 
BEA feature increases from 4000 cm-1 to 1000 cm-1, where it is cut off by phonon absorption at ~~1000 
cm-1. Similarly shaped features are found for P25 when the bare surface is exposed to atomic hydrogen;70, 
185 the Rh-69 and Au-193 decorated surfaces are exposed to molecular hydrogen; or the bare surface is  
thermally reduced.70 Morris, et al. interpreted this BEA as being due to both CB and ST electrons.70  
The surface hydroxyl peak intensity plateaus when steady state coverage is reached but the BEA 
intensity continues to grow.  We interpret the continued growth of the BEA intensity as being due to the 
dissociation of H2 to form hydroxyls, 𝐻? + 2𝑂Sh → 2𝐻𝑂Sh + 2𝑒+,        (1) 
followed by dehydroxylation to produce H2O, oxygen vacancies, and electrons, 
    2𝐻𝑂Sh → 𝑂Sh + 𝑉S•• + 𝐻?𝑂,        (2) 
where Kröger-Vink notation is used.194 If the rate of reaction 2 and the rate of desorption of water is fast 
compared to the rate of reaction 1, then the hydroxyl peak intensity remains small while electrons 
accumulate in the lowest unoccupied states in the surface and their excitation is detected as the BEA 
feature. 
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Figure 4.5. Difference DRIFTS spectra recorded during the reaction of P90 with (A) H2 and (B) D2. Black 
spectra were recorded under H2 (D2) and red spectra were recorded under Ar. 
 
To distinguish electronic absorbance features from vibrational features, the surface was exposed 
to D2 as well (Figure 4.5-B), and showed a BEA similar to that recorded under H2. A broad band in the 
2100-2700 cm-1 region and two distinct bands at 2707 and 2779 cm-1 were observed. The band at 2707 
cm-1 is the deuterated equivalent of the 3673 cm-1 band, which is assigned to the bridging hydroxyls of the 
anatase (101) surface.165 The  2779 cm-1 band is assigned to silica impurities,165 consistent with silica 
impurities observed by XPS (Figure 4.1).  
The intensity of the BEA feature increased with time under both H2 and D2 atmospheres. Once 
the gas flow was switched to Ar, the O-H and O-D bands disappeared rapidly due to dehydroxylation and 
oxygen vacancy formation while the intensity of the BEA decreased gradually. The intensity of the BEA 
feature decayed and grew when the gas was switched back and forth between Ar and H2 (or D2) 
atmospheres. The BEA features disappeared rapidly upon exposure of the sample to O2, further 
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supporting the assignment to electronic features because O2 is a known electron scavenger and re-oxidizes 
the vacancies formed by reaction 2.45, 70, 186  
Because the prototypical photocatalysts, P25 and P90, contain both rutile and anatase phases, we 
performed similar experiments to determine whether or not the BEA of pyrogenic titania is simply a 
superposition of the BEA features of anatase and rutile. Exposure of rutile TiO2 to H2 (Figure 4.6-A) led 
to the formation of two isolated hydroxyls at 3655 and 3683 cm-1, a broad H-bonded hydroxyl band 
(3000-3600 cm-1), and a water bending mode at 1620 cm-1 revealing that traces of water were present on 
the rutile surface after reaction with H2. Because the magnitude of the BEA for rutile is similar to that 
observed for P90, the reaction rates are comparable. The more intense OH stretching frequency compared 
to the BEA on rutile suggests that the rate of dehydroxylation is not as fast compared to the rate of H2 
dissociation for rutile. 
When rutile was exposed to D2 (Figure 4.6-B), the similarity of the BEA feature to that of 
reaction with H2 (Figure 4.6-A) confirms its electronic origin. Again, the intensity of the BEA feature 
increased over a period of hours under D2 flow. The BEA decreased slowly when the gas was switched 
from D2 to Ar, but was removed immediately after exposure to O2, suggesting an electronic origin of the 
BEA feature of rutile. However, the shape of the feature was different from those observed for P90. In 
contrast to the BEA feature observed for P90, the spectral intensity of the rutile BEA feature increases 
toward higher wavenumber. Moreover, the lack of absorbance at ~~1000 cm-1 provides no evidence for 
CB electrons in rutile. The absence of CB electrons’ IR absorbance feature when rutile TiO2 is n-doped 
by photoexcitation,108, 186-187, 195-197 electrochemical excitation,198-199 and exposure to atomic hydrogen108 is 
reported and has been attributed to the greater depth of the trap states in rutile compared to the trap states 
of anatase.186-187   
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Figure 4.6. Difference DRIFTS spectra recorded during the reaction of the rutile sample with (A) H2 and 
(B) D2. Black spectra were recorded under H2 (D2) and red spectra were recorded under Ar. 
	  
Because the rutile surface was still partially hydroxylated after calcination at 400°C, H/D 
exchange happened after exposure to the molecular D2 (Figure 4.6-B).  The small negative-going bands 
due to isolated hydroxyls (3683 and 3655 cm-1) and hydrogen bonded O-H (3200 – 3600 cm-1), 
superimposed on the BEA feature, show that they exchange to form the corresponding O-D modes. The 
larger magnitude of the positive-going bands (2711 and 2692 cm-1; 2400-2600 cm-1) confirms dissociation 
of D2, maintaining a steady state OD coverage, as the reaction generates electrons and the BEA intensity 
grows.  The negative going CO2 asymmetric stretch at 2350 cm-1 is due to changes in the optical sampling 
depth in DRIFTS, rather than loss of trapped CO2, as it disappears when the BEA returns to baseline. 
We now turn to the electronic features of sulfate free anatase, which is the majority component of 
P90.  As shown in Figure 4.7-A, exposure of the 400 °C calcined anatase BC surface to H2 produced an 
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intense BEA feature stretching from 1000 to 4000 cm-1. The intensity of this feature increased with time 
under H2, decreased slowly with time when the gas was switched back to Ar, and was eliminated 
immediately upon exposure to O2 (see section 4.3.3. Supporting Information). Thus, the BEA feature is 
electronic in origin. However, the general shape of the BEA feature of sulfate-free anatase is different 
from that of P90. Indeed, subtracting the BEA feature of sulfate-free anatase from that of P90 gives rise to 
a difference spectrum that is well-described by the ~𝜔+,..	  dependence for excitation of CB coupled with 
acoustic phonons70 (Figure 4.7-B). This shows that the BEA of the sulfate-free anatase is due to the 
absorption of IR energy by ST electrons only. While IR absorption by CB electrons has previously been 
reported for pure anatase,186-187, 195-199 Litke et al. have recently reported that the presence of water and the 
extent of hydroxylation of the surface will increase the density of trap states and prevent the 
delocalization of electrons in the CB.188-189 Therefore, the observed difference between P90 and our 
sulfate-free anatase is not intrinsic to anatase TiO2, but rather is due to a higher density of defects. The 
electrons will fill the associated Ti-OH traps before accumulating in the conduction band.  
By comparison of the vibrational modes of sulfate-free anatase with P90, there are more 
hydrogen bonded OH (2500-3600 cm-1) and some water (note the 1620 cm-1 bending band) formed in the 
reaction with H2, which is attributed to the more hydrophilic nature of low temperature synthesized 
anatase.34 The frequencies of the isolated hydroxyls (3648, 3671 cm-1) are similar to those observed in 
P90, which indicates that the reactions are taking place on the same facets as on P90.165  Figure 4.7-C 
shows spectra, measured out to 7000 cm-1, for exposure of the 400 °C calcined anatase surface to D2, 
confirming the strong BEA feature.  Relative to the BEA, there are large negative-going isolated and 
hydrogen bonded hydroxyl features and corresponding positive-going deuterated features, that clearly 
illustrating the extent of hydroxylation prior to H/D exchange.  
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Figure 4.7. (A)Difference DRIFTS spectra of anatase BC after reaction with H2 (black spectra) and when 
the gas was switched back to Ar (red spectra), (B) BEA feature of P90, anatase BC, difference spectrum 
where spectrum of P90 was subtracted from the spectrum of anatase BC, and the theoretical ~𝜔+,.. 
dependence for excitation of conduction band electrons (dashed line).70 The schematics on the top of 
Figure 4A shows the calculated values of the trap states of anatase TiO2 by Di Valentin et al.67 Spectrum 
of the anatase BC was scaled (x0.18). (C) Difference DRIFTS spectra after reaction of anatase BC with 
D2 (black spectra) and when the gas was switched back to Ar (red spectra), measured out to 7000 cm-1.  
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In contrast with the behavior of all of the sulfate-free titania materials, no BEA features were 
observed for any of the sulfate containing anatase titania. Data in Figure 4.8 for anatase (USR) shows that 
exposure to H2 produces hydrogen bonded surface hydroxyls (2500-3600 cm-1) but no water (note 
absence of the bending band at 1620 cm-1). The growth of these modes shows that dissociation of H2 
continued for hours under flowing H2. When the sample was exposed to D2, a negative absorbance feature 
in the 2500-3600 cm-1 region and positive absorbance features in the 1500-2600 cm-1 region were 
observed. These observations confirm that these features originate from vibration of O-H oscillators. 
Similar behavior was observed for anatase (SA) and anatase (AA) (see section 4.3.3. Supporting 
Information).  
 
Figure 4.8. Difference DRIFTS spectra of USR anatase after reaction with (A) H2 and (B) D2. Black 
spectra were recorded under H2 (D2) and red spectra were recorded under Ar. Although H2 dissociates to 
form hydroxyls, the absence of a broad background absorbance feature with electronic character implies 
that the electrons occupy deep traps.  
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In summary, DRIFTS spectra of the commercial, sulfated anatase samples recorded during 
exposure to H2 and D2 at 300 °C were different from those of P90, rutile, and sulfate free anatase in 
several ways: (1) a BEA feature with electronic character was not observed; and (2) there was a negative 
absorbance feature in the 1000-1500 cm-1 region. The formation of surface hydroxyls and molecular water 
(see section 4.3.3. Supporting Information) confirms the dissociation of H2, and accumulation of electrons 
in the sulfated anatase. However, the lack of a BEA can only be explained if the electrons reside in traps 
deeper than the ~ 1eV photon energy of the mid-IR spectrometer, confirming previous suggestions that 
sulfate induces deep traps.174-175, 179, 182, 184  
The BEA features we observed are well-described by recent electronic structure calculations. The 
plateaus in the absorption for the P90 and sulfate-free anatase samples are consistent with shallow traps at 
the defect state energies. Di Valentin et al.67 explored defects in n-doped anatase titania and found defect 
states below the CBM for 6-coordinated Ti3+ interstitial sites at 0.3 eV (2149.5 cm-1), 6-coordinated Ti3+-
OH sites at 0.4 eV (3226 cm-1), 5-coordinated Ti3+ species of O-vacancies at 0.7 eV (5645.5 cm-1), and the 
5-coordinated Ti3+ interstitial sites at 0.8 eV (6452 cm-1).  The energy of the Ti3+ interstitial and Ti3+-OH 
sites are shown at the top of Figure 4.7-A, consistent with assignment of the BEA to shallow traps. For 
rutile, DFT calculations200-201 show that the energies of defect states are in the 0.7-1 eV range below the 
CBM, which is consistent with the ultraviolet photoelectron spectroscopy (UPS)202 and electron energy 
loss spectroscopy (EELS)81 experiments performed on rutile (110) single crystals. The peak in the UPS 
spectrum is around 0.7 eV, although the onset is near 0.25 eV, perhaps due to lifetime broadening. 
Consistently, we observe the onset in the electronic absorbance feature in Figure 4.6 for rutile around 
1000 cm-1 (~ 0.1 eV), but the peak expected at 0.7 eV is beyond the 4000 cm-1 (~0.5 eV) range recorded. 
DFT cluster calculations of sulfated anatase shows that sulfate species create unoccupied states about 0.05 
eV above the valence band maximum.173 Therefore, sulfate trap states must be located roughly 3.2 eV 
below the CBM.  Extensive formation of hydroxyls from H2 on all sulfated anatase surfaces shows that H2 
dissociated and electrons were produced.  Thus, the absence of electronic features in our DRIFTS spectra, 
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even measured up to 7500 cm-1 (0.93 eV) as shown in Figure 4.7-C, supports previous proposals that 
electrons occupy traps significantly deeper than 1 eV.   
Thus, we showed that sulfate impurities change the electronic structure of anatase TiO2 and act as 
electron scavengers when TiO2 is n-doped, which has implications for the use of these materials as 
photocatalysts. It supports the general picture that the photocatalytic activity of TiO2 is enhanced in the 
presence of electron scavengers, such as O2, NO, metal ions, and more reducible metal oxides, because 
electron-hole recombination is slowed down by charge separation.56 
 
4.3.3. Supporting information 
In this section, DRIFTS spectra of other sulfated anatase samples (SA and AA) recorded during 
the pretreatments and during the reaction with H2/D2 are shown. In addition, results of a DRIFTS 
experiment to evaluate the dryness of our DRIFTS chamber are shown.  
 
4.3.3.1. Anatase SA 
Spectra presented in Figure 4.9. were recorded over several days as the sample was kept at 400°C 
under a dry O2 flow. Water and carbonate species were gone at 400°C, while surface hydroxyls and 
sulfate bands were slowly eliminated from the TiO2 samples at this temperature.165 Our results showed 
that surface hydroxyls were slowly removed and only a band at 3625 cm-1 persists in the spectra. TiO2 
hydroxyls are generally removed at 400°C under our conditions.165 The persistence of the 3625 cm-1 band 
could be related to the sulfated impurities.203 Table 4.1 shows that anatase SA has the highest sulfur 
content among the commercial anatase samples studied in this work.  
In the sulfate region of Figure 4.9., the tridentate sulfate band eliminates slowly at 400°C. In a 
parallel work, we showed that after pretreatment at 400 °C the sulfate level of the commercial anatase 
samples declined to a point that was not detected by XPS and ICP-OES analyses.34 However, Figure 4.9 
shows that there is a rather broad absorbance feature in the 1100-1250 cm-1 region that slowly grows as 
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the tridentate sulfate band is eliminated. This suggests that although tridentate sulfate species are largely 
eliminated, other forms of sulfur may be formed upon heating that are stable at 400°C.  
  
Figure 4.9. DRIFTS spectra recorded during the calcination of a mixture of anatase SA with rutile at 
400°C. All the spectra are referenced to the single beam of KBr powder. The sample contained 10 w% 
rutile to simulate P90.  
 
 Figure 4.10 shows DRIFTS spectra recorded during the reaction of anatase SA with H2 at 300 °C, 
after extensive calcination at 400 °C. The water bending band, H-bonded surface hydroxyls and isolated 
sulfate hydroxyls were formed after reaction with H2. We did not observe the water bending band after 
reaction of anatase USR with H2 (Figure 4.8). As discussed in the main text, this could be related to the 
hydroxylation/hydrophilicity of the surface. The anatase SA surface is more hydroxylated compared to 
other TiO2 samples studied in this work.34  A negative band at 1363 cm-1 shows that traces of tridentate 
sulfate species remained on the surface and reacted with water (the hydrogen dissociation products). In 
addition, there is a negative absorbance feature in the entire sulfate region (1000-1400 cm-1). Intensity of 
the negative absorbance features increased with time under H2 and decreased when the gas was switched 
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back to Ar. Absence of an electronic absorbance feature shows that electrons occupy deep traps induced 
by the sulfate species.  
 
Figure 4.10. Difference DRIFTS spectra recorded during the reaction of a mixture of anatase and rutile 
with H2 and when gas was switched back to Ar (black spectrum). Inset shows an expanded view of the 
isolated hydroxyls groups formed upon reaction with H2.   
 
Figure 4.11-A  provides direct comparison between the sulfated anatase and sulfate free anatase 
in the spectra recorded up to 7000 cm-1, the limit of out instrument. We did not observe a BEA for the 
sulfate sample; note that the background remains zero after reaction with H2. On the other hand, as shown 
in Figure 4.11-B, reaction of the sulfate free anatase (anatase (BC)) with H2 showed a BEA feature whose 
intensity continuously increased with time under H2, did not change after 8 min exposure to Ar, and 
immediately dropped after exposure to O2. Continuous growth of the BEA under H2 shows that electrons 
are contineously added to the ST states of sulfate free anatase upon H2 dissociation. Immediate removal of 
the BEA after exposure to O2 is in support of the electronic origin of the BEA because O2 is an electron 
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scavenger56 and reacts with oxygen vacancies. Absence of the BEA in the sulfate samples showed that the 
depth of “sulfate trap” states must be more than 7000 cm-1 from the conduction band minimum. 
  
	  
	  
106 
 
 
Figure 4.11. (A) Difference DRIFTS spectrum of anatase SA (sulfated) recorded after 28 min exposure to 
H2 at 300°C showing there is no electronic absorption up to 7000 cm-1. (B) Difference DRIFTS spectra 
recorded during the reaction of anatase BC (sulfate-free) with H2 and when gas was switched back to Ar, 
and then to O2. Comparison of (A) with (B) shows that while a broad background absorbance with 
electronic origin is observed for the sulfate free anatase, such a feature is absent in the sulfated samples.   
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 Figure 4.12 shows the DRIFTS spectra recorded during the reaction of anatase SA with D2. 
Initially, there were negative bands in the O-H region (both isolated and H-bonded) and positive bands in 
the O-D region. Intensity of both negative-going O-H bands and positive-going O-D bands increased with 
time under D2. However, the intensity of the negative O-H bands stopped increasing after 20 min while 
the intensity of the positive O-D bands kept increasing. These observations showed that in addition to the 
H/D exchange, new O-D bands were formed upon D2 dissociation over the sample at 300°C. 
  
Figure 4.12. Difference DRIFTS spectra recorded during the reaction of anatase SA with D2 and when the 
gas was switched back to Ar (black spectrum). Insets show the expanded view of the isolated hydroxyls 
and sulfate regions. 10w% rutile was added to this sample. 
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4.3.3.2. Anatase AA 
 DRIFTS spectra recorded during the step-wise calcination of anatase AA are shown in Figure 
4.13. Our results showed that anatase AA surface was cleaned from molecular water and carbonates after 
calcination at 300°C. The tridentate sulfate band and isolated surface hydroxyl bands were removed after 
calcination at 400°C. H2 adsorption experiments were performed on this surface.   
 
Figure 4.13. DRIFTS spectra recorded during the calcination of anatase Alfa-Aesar (surface area: 150 
m2/g). Sample was kept at each temperature for several hours (At least 8 hours). All the spectra were 
referenced to KBr powder 
 
 Figure 4.13 shows the DRIFTS spectra recorded during the exposure of anatase AA, calcined at 
400 °C, to H2 at 300 °C, and when gas was switched back to Ar. In general, similar features as for the two 
other commercial anatase samples were observed. However, the intensity of the water bending band 
formed after reaction with H2 was intermediate between anatase USR (Figure 4.8) and anatase SA (Figure 
4.10). Water is the reaction product of our experiments and we speculate that more hydroxylated surfaces 
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can retain water on the surface at 300°C for longer times. We did not observe an electronic absorbance 
feature for this sample and there was a negative absorbance feature in the sulfate region.  
 
 
Figure 4.14. Difference DRIFTS spectra recorded during the reaction of anatase AA with H2. Inset shows 
the expanded view of the isolated hydroxyls groups formed upon reaction with H2.  
 
4.3.3.3. Dryness test 
Figure 4.15 illustrates the dryness level of our DRIFTS experimental conditions. TiO2 surfaces 
are dehydrated at 300 °C. However, residual water molecules, that are always present on the cell walls, 
re-adsorb on the surface at lower temperatures.47 Spectra depicted in Figure 4.15. shows that the water 
bending band did not appear in the spectra recorded under our experimental conditions within two hours 
after the temperature was reduced from 300°C to 30°C. However, the spectrum recorded after 18 h at 
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initial pretreatment at higher temperatures, under ultrahigh vacuum conditions usually show the water 
bending band.47 
 
Figure 4.15. DRIFTS spectra of rutile sample recorded at 300°C, and when temperature was reduced to 
room temperature under dry O2 flow.  
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